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Abstract

Many governments are turning to renewable sources of energy to tackle the current climate
emergency and ensure current and future energy demands are met. Offshore wind energy is
one of the fastest growing areas of the energy sector, however with increasing areas of the
ocean floor being used for wind and other structural installations, the need for effective envi-
ronmental monitoring is crucial to ensure sustainable management of these sites. The Water
Framework Directive (WFD) is one such monitoring strategy, which includes the Infaunal Qual-
ity Index (IQI) method which is used by the United Kingdom to monitor benthic community
health within coastal and estuarine (transitional) waterbodies. There are, however, concerns
around the IQI’s capability to suitably detect ecological changes within areas modified by struc-
tures (such as wind turbine monopiles). Within this investigation the IQI waterbody assess-
ment protocol was compared to multivariate community analysis to assess the IQI’s ability to
detect ecological change at near and far field waterbody levels within four windfarm develop-
ment sites before and after windfarm construction. Findings from this investigation suggest
the IQI failed to detect ecological change at a waterbody level with no significant change ap-
parent, while multivariate community analysis found significant change at the same spatial
and temporal scale. The suggested reasons for the 1QI’s inability to detect change in these
circumstances are A change in habitat (sediment characteristics) driving community change
will not be identified within the IQI model as the reference conditions within the model are
derived from sediment characteristics; and the waterbody scale conflates impacted areas with
non-impacted areas. Alternatives to the 1QIl in these scenarios and possible repercussions for
these findings are discussed.



Lay Person Summary

The demand for energy is ever growing, to tackle the current climate emergency many gov-
ernments are turning to renewable sources of energy to meet demands. Offshore wind energy
is one of the fastest growing areas of the energy sector, however with increasing areas of the
ocean floor being used for wind turbine placement, there is a need to ensure these structures
don’t damage surrounding seabed dwelling marine life. The Infaunal Quality Index (IQl) is
used by the United Kingdom to monitor benthic community health within coastal and estuarine
areas. There are, however, concerns around the |QI's capability to suitably detect ecological
changes within areas containing structures (such as wind turbines). This investigation com-
pared the 1QI method against a group of other statistical tests commonly used to assess
changes in biological communities (multivariate analysis) within four windfarm developments
before and one year after windfarm construction. While the IQIl method did not detect any
change in seabed community before and after the wind turbines were constructed, a signifi-
cant change in seabed community was detected within the windfarms using multivariate anal-
ysis (Box 1). The reasons for the difference in the ability of the two methods are suggested to
be the scale of the area within the windfarm that was sampled, meant any change in seabed
community close to the wind turbine may have conflated the areas further away from the tur-
bines and not affected. Additionally, as the IQI method assesses seabed community health,
while the multivariate analysis assesses community change, the change in community de-
tected by multivariate analysis may not have been a change in community health, thus not
detected by the IQIl method. Finally, the equations within the IQI model uses values derived
from the environment (seabed sediment and water salinity) to calculate the final 1QI values,
thus a change in environment derived values driven by the wind turbines may have negated
any true change in benthic community health.
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Box 1 A comparison between the Infaunal Quality Index (1QI) (A) and Bray Curtis dissimilarity based multivariate analysis (B) to iden-
tify benthic community change within offshore windfarm developments. Items coloured blue represent Preconstruction samples and envi-
ronment. Items coloured red represent post construction samples and environment. Graph A is a boxplot which represents the spread of
data within a distinct category, the bold line indicates the median value, the box represents the upper and lower quartiles, the outside lines
represent the minimum and maximum values without outliers (defined as a data point that is outside 1.5 times the interquartile range
above the upper quartile and bellow the lower quartile). Plot B is A 2D MDS plot represent as Bray-Curtis Dissimilarity matrix in 2-di-
mensional space, with a data point’s distance from all other data points representing its dissimilarity. Points closer together have a greater
similarity.
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together have a greater similarity. Black symbols represent the group centroids, while the
coloured regions represent 95% confidence in sample grouping, note coloured points do not
represent individual samples but bootstrapped averages...........ccocevevveveeieiiese e 43
Figure 6 Boxplots showing the difference in Ecological Quality Ratio (EQR) of benthic
communities surveyed pre-windfarm construction and 1 year post construction within 4
different site types within 4 offshore windfarm developments (Burbo Bank, Walney, Gunfleet
and Greater Gabbard). Coloured bands indicate the Ecological Status boundaries. A Boxplot
represents the spread of data within a distinct category, the bold line indicates the median
value, the box represents the upper and lower quartiles, the outside lines represent the
minimum and maximum values without outliers (defined as a data point that is outside 1.5
times the interquartile range above the upper quartile and bellow the lower quartile)............ 45
Figure 7 A 2-Dimentional Non-Metric Multi-Dimensional Scaling (MDS) plots of Bootstrap
Averages of sample stations pre-windfarm construction (Filled shapes) and 1 year post
construction (empty shapes) within 4 sample types within four windfarms, based on 4th root
transformed data and a Bray-Curtis based resemblance matrix A 2D MDS plot represent as
Bray-Curtis Dissimilarity matrix in 2-dimensional space, with a data point’s distance from all
other data points representing its dissimilarity. Points closer together have a greater
similarity. Black symbols represent the centre of the sample group, while the coloured
polygons represent 95% of the sample variance. note coloured points do not represent
individual samples but bootStrapped aVEIagES. ........cceiviriiieriiiiieiee e 48
Figure 8 A Bar chart of the output of a PermDisp analysis (which calculates the mean
distance from a group centroid within Euclidian space, based on a Bray-Curtis Dissimilarity
matrix. (xSE) comparing pre and post windfarm construction within four site types within 4
offshore windfarm developments. A lower value indicates samples in a group have a smaller
spread and are MOre NOMOGENOUS..........ccuiiieiieii ettt et sae e snaenreas 49
Figure 9 Boxplots showing the difference in AMBI of benthic communities surveyed pre
windfarm construction and 1 year post construction within 4 site types within 4 offshore
windfarm developments (Burbo Bank, Walney, Gunfleet and Greater Gabbard). A Boxplot
represents the spread of data within a distinct category, the bold line indicates the median
value, the box represents the upper and lower quartiles, the outside lines represent the
minimum and maximum values without outliers (defined as a data point that is outside 1.5
times the interquartile range above the upper quartile and bellow the lower quartile)............ 56
Figure 10 Boxplots showing the difference in Simpsons Diversity Index of benthic
communities surveyed pre windfarm construction and 1 year post construction within 4
different site types 4 offshore windfarm developments (Burbo Bank, Walney, Gunfleet and
Greater Gabbard). A Boxplot represents the spread of data within a distinct category, the bold
line indicates the median value, the box represents the upper and lower quartiles, the outside
lines represents the minimum and maximum values without outliers (defined as a data point
that is outside 1.5 times the interquartile range above the upper quartile and bellow the lower
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Figure 11 Boxplots showing the difference in Species Richness of benthic communities
surveyed pre windfarm construction and 1 year post construction within 4 different site types
within 4 offshore windfarm developments (Burbo Bank, Walney, Gunfleet and Greater
Gabbard) A Boxplot represents the spread of data within a distinct category, the bold line
indicates the median value, the box represents the upper and lower quartiles, the outside lines
represents the minimum and maximum values without outliers (defined as a data point that is
outside 1.5 times the interquartile range above the upper quartile and bellow the lower
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Figure 12 A: Scatterplot of Mean grainsize (Phi), and the Number of taxa found within
benthic grab samples within 4 windfarms (Burbo Bank, Walney, Gunfleet and Greater
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samples collected during pre-windfarm construction surveys within 4 offshore windfarm
Developments (Burbo Bank, Walney, Gunfleet and Greater Gabbard). A Boxplot represents
the spread of data within a distinct category, the bold line indicates the median value, the box
represents the upper and lower quartiles, the outside lines represent the minimum and
maximum values without outliers (defined as a data point that is outside 1.5 times the
interquartile range above the upper quartile and bellow the lower quartile). ............c..c.c....... 65
Figure 16 Boxplots showing the difference in grain sorting (Phi) of benthic communities
surveyed pre-windfarm construction and 1 year post construction within 4 different Site types
within 4 offshore windfarm Developments (Burbo Bank, Walney, Gunfleet and Greater
Gabbard) A Boxplot represents the spread of data within a distinct category, the bold line
indicates the median value, the box represents the upper and lower quartiles, the outside lines
represents the minimum and maximum values without outliers (defined as a data point that is
outside 1.5 times the interquartile range above the upper quartile and bellow the lower
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RNAG Reasons for Not Achieving Good ecological status

EG Ecological Group

EQR Ecological Quality Ratio

MMO Marine Management Organisation

EMF Electro Magnetic Field

CEFAS The Centre for Environment, Fisheries and Aquacul-
ture Science

RSMP Regional Seabed Monitoring Programme

UKTAG UK Technical Advice Group

NMBAQC NE Atlantic Marine Biological Analytical Quality Con-
trol

WORMS World Register of Marine Species

M-AMBI Multivariate - AZTI Marine Biotic Index

SSi Size Spectra Index

TOC Total Organic Carbon
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1.0 Introduction

1.1 Windfarm Futures

With the world’s demand for energy growing and the movement away from traditional
energy sources such as fossil fuels, many governments are looking to renewables to
help fulfil current and future energy needs. Offshore wind energy has become preva-
lent in recent times, with global wind power capacity in 2011 estimated at 240 GW of
which 2% was offshore wind energy (Kaldellis and Kapsali, 2013). Many of the world’s
offshore windfarms are located within the continental shelf of Northern Europe, due to
its shallow seas and windy climate (Bilgili et al., 2011). As of 2020 112 offshore wind-
farms were active globally, with a further 712 projects in different stages of develop-
ment (Diaz and Guedes Soares, 2020).

Within UK waters there were (as of 2020) 40 windfarms consisting of 2291 turbines,
with an additional 8 wind farms (719 turbines) under construction (The Crown Estate,
2020) with a production capacity of 10.4 GW (13% of UK energy production (The
Crown Estate, 2020). The UK government aims to increase offshore wind production
to 40GW by 2030 under the “Net-Zero By 2050” plan (The Crown Estate, 2021).

1.2 Impacts from Windfarms

While wind energy is key to tackling the current climate emergency, there are many
local ecological changes and short-term impacts caused by offshore windfarms.
Acoustic disturbance during the construction phase of windfarm projects impacts many
marine mammal species (Thompson et al., 2020); and the aerial structures have been
found to displace diving seabirds such as Northern Gannets (Morus bassanus)
(Garthe et al., 2017), while acting as artificial islands for other seabirds such as the
European Cormorant (Phalacrocorax carbo) and the European Shag (Phalacrocorax
aristotelis) (Dierschke et al., 2016). The introduction of hard structures within a nor-
mally soft sediment environment leads to an increase in epifaunal species in addition
to many fish species (De Mesel et al., 2015; Degraer et al., 2020; Reubens et al.,
2014; Vandendriessche et al., 2009).Furthermore the resuspension of sediment gen-
erated by turbulence and scour around turbines can lead to a localised reduction in
primary productivity, through increased turbidity and lower light penetration (Galpar-

soro et al., 2022). Additionally, windfarms have been found to act as de-facto marine
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protected areas due to the introduction of undersea cables making destructive fishing
methods such as bottom trawling and dredging not possible (Ashley et al., 2014;
Coates et al., 2016).

1.3 Legislation and Monitoring

Under many licences provided to offshore wind projects by the Marine Management
Organisation (MMO) licence holders are required to undertake a suite of environmen-
tal monitoring during the lifetime of the project from construction through operation and
decommissioning, to assess any mitigation action required to lessen impacts to local
ecosystems (Scott, 2010). One such environmental monitoring program is benthic
community and sediment monitoring. Depending on the substrate and parameters of
monitoring aims, methods for monitoring benthic community and sediment structure
include grab sampling; dropdown video camera monitoring; and sidescan and

multibeam bathymetry scanning (Chen and Tian, 2021; Hemery et al., 2022).
1.4 Benthos

The benthos represents communities of fish and invertebrates living as infauna within
the sediment and on the surface of the seabed, in addition to the sediment habitat.
This environment is vitally important for the fishing industry. Shellfish such as crusta-
ceans and bivalves (Thrush et al., 1995), all dwell within or on the seabed. Additionally,
many infaunal invertebrate species make up a large proportion of prey for other com-
mercially important ground fish such as plaice (Pleuronectes platessa), flounder (Plat-
ichthys flesus) and sole (Solea solea) (Amara et al., 2001; Dolbeth et al., 2008;
Vinagre et al., 2008).

It is estimated that approximately 2 Gt of atmospheric COz2 is absorbed into the oceans
each year (Falkowski and Wilson, 1992), of which up to 40% is sequestered into the
sediment by photosynthetic organisms (Duarte and Cebrian, 1996; Turner, 2015;
Zhang et al., 2017). Therefore, marine sediments represent a significant long-term
store for atmospheric CO2. Additionally, sediments represent a significant sink for
heavy metals and pollutants within the marine environment, leading to a reduction in
bioavailability of such compounds under stable conditions (Ansari et al., 2003; Bach
et al., 2017; Wenger et al., 2017).
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1.5 Impacts of Windfarms on the Benthic Environment

Windfarms have numerous impacts on the benthic environment during all stages of
the project. During the construction phase pile driving during monopile installation and
backhoe dredging during cable laying have been found to elicit a behavioural response
from multiple species including blue mussels (Mytilus edulis), hermit crabs (Pagurus
bernhardus) and European lobsters (Homarus gammarus) up to 500 m from the activ-
ity (Roberts and Elliott, 2017). Additionally, the dredging and laying of cables have
been found to remove, damage and alter benthic habitats, temporarily increase turbid-
ity and release buried pollutants (Taormina et al., 2018). During the operation of the
windfarm the wind turbine structures have been found to alter the hydrodynamic envi-
ronment of the surrounding area (van Berkel et al., 2020; Vanhellemont and Ruddick,
2014), subsequently altering the sediment environment within the windfarm (Coates
et al., 2014).

The undersea power cables have been found to emit an electromagnetic field (EMF)
which attracts taxa sensitive to EMF, including skates and other elasmobranchs,
crabs, and other decapods (Hutchison et al., 2020; Scott et al., 2021). The act of
dredging, and the hydrodynamic alterations attributed to marine structure installation
also leads to a disturbance to the sediment which can resuspend organic matter, pol-
lutants and heavy metals, allowing these compounds to disperse and become more
bioavailable (Ansari et al., 2003; Bach et al., 2017; de Mora et al., 2004; Wenger et
al., 2017).

1.6 Impacts on Benthic Ecology

Offshore wind turbines are commonly installed onto soft substrates. As the turbines
are commonly made out of hard substrates such as steel (Anandavijayan et al., 2021),
coupled with the rock reef created through sour protection, means the structures act
as an artificial reef, allowing epilithic communities which are not normally found within
soft sediment environments to develop, including Mytilidae beds, high abundances of
Anthozoa, and the tube building amphipod Jassa (De Mesel et al., 2015; Maar et al.,
2009). The rocky substrate of the scour protection also provides shelter for predatory
fish species such as plaice, pouting, cod and flounder, which have been found to feed
on epibenthic species (Amara et al., 2001;Buyse et al., 2022; Reubens et al., 2014b,
2011; Vinagre et al., 2008). A study by Elliot and Wilson ,2009 calculated the potential
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benthic habitat creation when installing wind turbines with gravel, boulder and syn-
thetic frond scour protection, they found that both boulder and gravel scour protection
methods led to a net increase in habitat of 650 and 577 m? respectively. Furthermore,
Wilson et al.,2010 suggested that while a change in sediment characteristics and thus
benthic community structure is likely within offshore windfarms, often these sites are
placed in high current sandbank areas which naturally have a high temporal variation
in community due to shifting sediments and thus the addition of anthropogenically de-
rived sediment change will not be as pronounced than in more stable environments.
The laying of undersea power cables is undertaken using multiple site-specific meth-
ods including ploughing the seabed then backfilling and waterjet trenching. Both meth-
ods have been found to disrupt the surrounding benthic community in the short term
with recovery taking from several weeks to 1-2 years for ploughed cables while water-
jet burial recovery can take up to 8 years (Kraus & Carter, 2018).

There remains a debate as to the ability of current benthic monitoring to detect ade-
guately fine change in benthic community. This is because the relatively high cost to
conduct benthic grab sampling and analysis makes large sample number surveys in-
finitely expensive, coupled with the high natural variability in benthic communities both
spatially and temporally makes confidently identifying change challenging. Franco et
al., 2015 reviewed multiple offshore windfarm surveys and aimed to assess the mini-
mum detectable effect size (MDES) of change in Species richness, abundance and
biomass. They concluded that under the average number of stations (four stations,
three replicates per area) the MDES for mean species abundance was 50% i.e., there
had to be a 50% change (increase/decrease) in species richness to be identified using
standard parametric statistical methods. Furthermore, they calculated that to identify
a 10% change in species richness would require a minimum of 10-15 stations (3 rep-
licates) per area. 10% change being a suggested change threshold at which mitiga-
tions should be required (Rogers Et al 2008). Thus, there is debate as to if current
offshore windfarms has sufficient sampling power to confidently identify community

change.

1.7 Marine Data Exchange and CEFAS Baseline Dataset

The Marine Data Exchange is an online database created by The Crown Estate in
2013 to provide data and reports associated with Crown Estate assets and licenses

within the marine environment. There is (as of 2022) 200 TB of survey data associated
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primarily with offshore wind projects, but also aggregates, wave, tidal stream and other
research data. The CEFAS Regional Seabed Monitoring Programme (RSMP) dataset
comprises 33,198 samples from 777 grab surveys, collected from a combination of
industry, government and academic based projects (Cooper and Barry, 2017). These
data sources allow academic study of the benthic environment by removing the mon-
etary and time barriers to collecting and processing large numbers of samples, making

large scale benthic assessments possible.

1.8 Water Framework Directive (WFD), UKTAG and the Ma-
rine Strategy Framework Directive (MSFD)

The Water framework Directive (WFD) is EU legislation that aims to improve and main-
tain the quality of the water systems (including lakes, rivers, canals, transitional and
coastal waterbodies) of its member states, including the UK. The UK Technical Advice
Group (UKTAG) works within the WFD legislation and aims to set environmental
standards by which to assess water quality (UKTAG, 2008). Within each waterbody a
number of elements (water chemistry, plankton blooms, angiosperm monitoring,
heavy metals, benthic assemblage etc) are monitored, assessed and classified based
on whether the element meets specific environmental and ecological standards.
Where a waterbody has not met the set environmental standards, an investigation and
Reasons for Not Achieving Good ecological status (RNAGSs) are identified (Collins et
al., 2012).

The Marine Strategy Framework Directive (MSFD), aims for all marine European re-
gions and subregions to meet “Good Environmental Status” in 11 descriptors including
Marine pollution, seabed integrity, biodiversity and food web dynamics (Long, 2011).
The benthic descriptor has targets regarding I) habitat distribution, l)habitat extent, 111)
habitat condition, physical damage and the condition of the benthic community. The

two regions which fall within UK waters are the Celtic Seas and the Greater North Sea.

1.9 The Infaunal Quality Index (1QI)

The Infaunal Quality Index (hereafter IQI) (Equation 1) is a multimeric index used for
assessing the health of benthic invertebrate assemblages within coastal and transi-

tional waterbodies. It is currently used by UK agencies amongst other EU member
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states fulfilling the requirements of Article 8; Section 1.3 of Annex Il and Annex V of
the Water Framework Directive (UKTAG, 2014a). The I1QI compares three ecological
metrics (AMBI, Simpsons Diversity Index and Species Richness) from a benthic sam-
ple with theoretical undisturbed or minimally disturbed reference assemblage metrics
based on the sample’s salinity and sediment statistics (Phillips et al., 2014). The 1QI
is sensitive (i.e., able to detect slight change) to nutrient enrichment, chemical pollu-
tants and physical disturbance (i.e., smothering) (Phillips et al., 2014). The waterbody
IQI classifications are used within the MSFD. The IQI assessment splits regions into
10km? areas, and assesses the number of “Good” and “Not Good” classifications, with
an acceptable level being 85% of the area at Good status. This assessment also uses
data for offshore oil and gas surveys, and aggregates disposal sites (UKMMAS, 2018
[Accessed 04:2023]).

Equation 1 The 1Ql equation.

AMBI
EQR =| | 0.38x - (7 +(0.08x =2 ) | 4 054 ( (<Syor
' 1— (AMBIRef> ' 1= Ager . Sref
7
—0.4)/0.6

AMBI refers to the AMBI value calculated in section x
A’ refers to Simpsons Diversity Index

S refers to Species/taxa richness

Xret refers to the metric reference condition

1.10 Water Framework Directive, Marine Strategy Directive

Framework and Windfarms

A total of 18 coastal and 4 transitional WFD and waterbodies around England and
Wales respectively contain areas with active windfarm cables and windfarm areas.
Including Burbo Bank and Gunfleet offshore wind farms which are both totally within a
coastal waterbody (Mersey Mouth and Essex coastal waterbody respectively) (EMOD-
net, 2022; Environment Agency, 2021; Natural Resources Wales, 2022). Under WFD
protocols an IQl assessment is required to satisfy the infaunal element of WFD moni-

toring within all transitional and coastal waterbodies, including those containing
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windfarm infrastructure. To date little to no investigations have been undertaken to
assess how adequate an 1QIl waterbody assessment is for assessing waterbodies with
windfarm construction present. As a key impact from windfarm construction is a
change in sediment characteristics and hydrodynamic regime (Coolen et al., 2022;
Page et al., 2019) which is accounted for within the 1QI process (Phillips et al., 2014)
and in a sense negated during the calculations. Additionally, many of the significant
impacts of windfarm construction have been noted as being acute in nature, there is
therefore doubt whether a WFD waterbody analysis will detect these acute changes
or if these changes will be masked by the wider waterbody sampling. (UKMMAS, 2018
[Accessed 04:2023]) outlines a lack of offshore data used in MSDF IQI analysis, the
guestion is thus raised if offshore windfarm data could be used for this analysis in

addition to oil and gas and aggregates.

1.11 Aims

This study will use benthic macrofaunal monitoring data and Particle Size Analysis
(PSA) from benthic grab samples, collected during the pre-construction and 1 year
post-construction benthic monitoring surveys of four offshore windfarm developments
within UK waters, publicly available from The Marine Data Exchange. The aim is to
assess if an 1QI based waterbody analysis will detect change in benthic quality, by
comparing the 1QI protocol against standard multivariate assemblage analysis.
The specific aims of this study are to:

e Carry out waterbody IQI analysis of key areas of windfarm projects.

e Compare the IQI outcomes between pre-construction and 1 year post- con-

struction with the aim of identifying change.

o Hypothesis 1: the 1QI will decrease at a waterbody level between Pre-
Construction and Post-Construction.

o Hypothesis 2: the submetrics (AMBI, Simpsons Diversity Index and spe-
cies richness) will decrease at a waterbody level between Pre-Construc-
tion and Post-Construction.

e Carry out multivariate community analysis of the same areas.

o Hypothesis 3: the benthic infaunal assemblage will change at a water-
body level between Pre-construction and Post-construction.

o Hypothesis 4: the benthic infaunal assemblage diversity will change at a

waterbody level between pre and post construction.
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e Compare the outcomes of IQI analysis and community analysis.
e Assess if the construction of an offshore windfarm will alter the sediment profile
of the surrounding broad scale area.
o Hypothesis 5: mean grain size and sorting will change at a waterbody
level between Pre-Construction and Post-Construction.
o Hypothesis 6: mean grain size and grain sorting influences the species
richness of an area.
o Hypothesis 7: mean grain size and grain sorting influences the benthic

community of an area.
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2.0 Methods

2.1 Data Source and Data Requirements

Wind farm summary data was downloaded from the European marine observation and
data network (EMODnet, 2022) and filtered for only active windfarms (as of 2021).
Each individual windfarm was then searched for on the Marine Data Exchange (The
Crown Estate, 2022)and all wind farm projects which contained benthic survey data
from pre-construction and some period post constructions were downloaded. Addi-
tional searches were made within the CEFAS RSMP baseline dataset for similar data.
All data had to conform to standard benthic protocols, i.e.: the lab must have been part
of the NMBAQC data quality assurance scheme to ensure standard taxonomic accu-
racy; sediment must have associated particle size analysis (PSA); samples must have
been collected with grabs with an area of 0.1 m? and sieved over a 1 mm mesh. In
total 6 windfarms had data acceptable for this study: Burbo Bank, Gunfleet, Greater
Gabbard, Walney, Thanet and Robin Rigg. Though the post construction surveys were
not consistent within Thanet and Robin Rigg, which only had data available for 2 ,3
and 4 years post construction, Therefore, Thanet and Robin Rigg data were removed
and only windfarms which had data for pre-construction and one year post construc-
tion were selected (Table 1). While the inclusion of surveys taken 2,3 and 4 years post
construction would have been beneficial to assess succession and timeframes of equi-
librium, it was considered beyond the scope of this investigation which aimed to as-
sess how relatively short term disturbance may impact the benthic community and
health.

2.1.1 Sites

Four windfarms were selected for this study, these were Burbo Bank, Walney, Greater
Gabbard and Gunfleet. Burbo Bank and Walney are located within the Irish sea, while
Greater Gabbard and Gunfleet are located in close proximity to each other near the

Thames (Figure 1).
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Table 1 A summary of windfarm construction information for the Burbo Bank, Walney, Greater Gabbard and Gunfleet offshore windfarm developments.

Windfarm |Date of Date of |Pre-con- |Post con- | date of wind- Nearest Num- | Type of tur- |Area of
pre-con- | 1year [struction |struction |farm construc- | WFD water- | ber of | bine structure windfarm
struction | post Survey survey and | tion body wind (m
survey con- and analy-analysis tur-
struc- [sis carried|carried out bines
tion out by by
survey
Burbo Bank |Sep Sep (CMACS, |(CMACS, May-August Within Mer- | 25 Monopile 22,500
2005 - Oct | 2007 2006) 2007) 2006 — monopile | sey Mouth
2005 installation,
May 2007 array
cable laying
Walney Apr Dec (CMACS, |[(CMACS, Jun 2012 Cumbria 51 Monopile 88,600
2005 - May| 2012 - [2009) 2012)
2005 Jan
2012
Greater Nov May20 [CMACS, (CMACS, Sep2012 Within 140 Monopile 167,700
Gabbard 2004 - Jun | 13 2005) 2014) Essex
2005
Gunfleet May-07 May20 |[(RPS, (CMACS, May2010 Essex 48 Monopile 86,000
10 2008) 2010)
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Figure 1 Maps of the benthic grab sample sites within Burbo Bank, Walney, Gunfleet and Greater Gab-
bard offshore windfarms, in addition to the windfarm, nearfield and cable areas used to assign sample
types to data. Insets show the locations of the windfarms around the United Kingdom. Maps were
made using Q GIS V.3.10, using sample position data included in the Metadata from
https://www.marinedataexchange.co.uk/[Accessed 17/10/2022] and windfarm polygon layers availa-
ble from https://www.emodnet-humanactivities.eu/ [Accessed 17/10/2022].



https://www.marinedataexchange.co.uk/%5bAccessed
https://www.emodnet-humanactivities.eu/

2.2 Data Manipulation and Processing

2.2.1 Abundance Data Truncation and Manipulation

Once adequate datasets were selected, data were extracted either from Microsoft Ex-
cel spreadsheets or from monitoring report appendices. Data were merged into one
spreadsheet and the taxa list processed via the WORMS taxa match tool (WoRMS
Editorial Board, 2022) to ensure all taxa names were up to date and identify any taxa
synonyms, which were then merged. Additionally, all encrusting or colonial taxa were
converted to presence/ absence data (1 /0) and any non-invertebrate taxa (fish, sea-

weeds etc) removed.

2.2.2 Particle Size Analysis (PSA) Data
PSA data were compiled into a single matrix and processed using the GRADISTAT
Excel macro program, which produced sediment statistics and a ‘Folk Description’

based on the Folk Triangle (Figure 2).
2.3 Sediment Data

2.3.1 Folk Triangle
The Folk Triangle is a method of classifying sediment based on the proportion of

gravel, sand and clay which provide qualitative descriptions of the sediment i.e.,
muddy gravel (mG) or gravelly muddy sand (gmS) (Figure 2). this method was used
to describe the sediment within the QI tool.

GRAVEL

MUD 19 1:1
(Sitt and Clay) SAND:MUD
RATIO
™ ™ Mixed sediment ™~ TMud and sandy mud

'L_—— "I Coarse sediment = __; Sand and muddy sand

| S
Figure 2 An example of the Folk Triangle, where a triangle is divided based on the ratio of mud,
sand and gravel. Capitalised letters within the triangle represent the dominant fraction. taken from

(Evans and Aish, 2016) 30



2.3.2 Mean Grain size and Grain sorting

Both mean grain size and grain sorting were derived by using sample cumulative fre-
guency curves. As seen in Equation 3, mean grain size (Mz) is calculated by identifying
the grain size (®) at the 16™, 50" and 84™ percentile of a cumulative frequency curve.
Grain sorting describes how uniform the sediment grains are within a sample. A low
sorting value indicates that sediment grains are of a similar size, while a high sorting
value indicates a greater distribution of grain sizes. as seen in equation 2, grain sorting
(01) is calculated by identifying the grain size (@) at the cumulative 16™,84™, 95" and
5th percentile. As seen in Table 3 a very well sorted sample has a sorting value of <
0.35 while an extremely poorly sorted sample has a sorting value of >4.00. these equa-
tions are based on the 1957 Folk and Ward Logarithmic (using Phi units) method and
are taken from (Blott and Pye, 2001). Phi is expressed in

Equation 2.

Equation 2 The Phi (®) Equation

® = —Log,(Grain size (mm))

Equation 3 The 1957 Folk and ward logarithmic (using Phi units) mean grain size (M) calculation,
where Qis the grain size at the cumulative percentile x

_ P16 + Pso + Pgy

M
z 3

Equation 4 The 1957 Folk and Ward logarithmic (using Phi units) grain sorting (o)) calculation where
Ois the grain size at the cumulative percentile x

P4 ~ P16 | Pos — Ps
4 6.6

Table 2 The corresponding Phi scale values and sediment grain diameter (um)

o; =

Phi Grain Diameter

(um)
-11 2048000
-10 1024000
-9 512000
-8 256000
-7 128000
-6 64000
-5 32000
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Phi Grain Diameter

(um)
-4 16000
-3 8000
-2 4000
-1 2000
0 1000
1 500
2 250
3 125
4 63
5 31
6 16
7 8
8 4
9 2

Table 3 A description of grain sorting based on the 1957 Folk and Ward logarithmic method

Sorting (o))
Very Well Sorted <0.35
Well Sorted 0.35-0.50
Moderately Well Sorted 0.50-0.70
Moderately Sorted 0.70-1.00
Poorly Sorted 1.00-2.00
Very Poorly Sorted 2.00-4.00
Extremely Poorly Sorted >4.00

2.4 Spatial Data Processing

Coordinates for each grab sample were extracted from the data and converted to a
standard Coordinate reference system (British National Grid (BNG)). Shapefiles con-
taining polygon layers for windfarm areas and export cable areas were downloaded
via The Marine Data Exchange, layers were filtered for only the 4 stated windfarms
and associated export cables. A Nearfield buffer of 2000 m was created around each
windfarm using the ‘Buffer’ tool within QGIS V3.10.10. though this distance may be
liberal, it ensures many medium scale hydrodynamic effects are included within the
Nearfield site, in addition to encompassing the areas with lower fishing effort (including
a legal safety zone of 500 m from assets under construction and a 500 m buffer to

account for areas of reduced fisheries activity due to fear of fouling gear (FLOWW,
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2014; Hooper et al., 2017). The “Join by location” tool was used within QGIS V3.10.10

to assign grab samples to one of 4 groups,

1. Windfarm: samples within the windfarm polygon, where impacts from monopile
construction, change in hydrographic and sediment conditions is most likely to
be detected;

2. Nearfield windfarm: samples within the 1000 m windfarm buffer zone where
some indication of monopile construction may be detected due to increased
turbidity;

3. Cable: samples from within the cable corridor where impacts from cable laying
is most likely to be detected, due to dredging activity and increase in EMF within
the immediate cable area;

4. Windfarm reference: samples that were not in the previous three categories
and were deemed to be least impacted by the windfarm infrastructure but con-

tain similar benthic characteristics (control sites).

2.5 1QI and Metrics

2.5.1 AMBI

The AZTI Marine Biotic Index (AMBI) (Equation 5) groups taxa into 5 ecological groups
(EG) based on their tolerance to disturbance. EGI taxa are the most susceptible to
disturbance and are found in lowest abundance in highly disturbed samples. EGV taxa
are considered first order opportunists and are most tolerant of disturbed environ-
ments, found in highest abundance in highly disturbed samples and are the least sus-
ceptible to disturbance, taxa in groups ll-IV have increasing levels of tolerance to dis-
turbance.

The AMBI is based on the concept that under ecologically stressed conditions due to
sediment contamination and elevated nutrient loading, taxa sensitive to these stress-
ors (AMBI EGI) will reduce in abundance while opportunistic taxa with high reproduc-
tive and development rates and which are disturbance tolerant (AMBI EGV) will in-
crease in abundance, thus the AMBI is a ratio between the proportion of disturbance

sensitive and tolerant taxa within a sample (Equation 5) (Borja and Muxika, 2005).
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Equation 5 The AMBI calculation where %EG I-V refers to the percentage of the
sample fauna within AMBI group |-V

AMBI = {(0x%EG I) + (1.5x%EG II) + (3x%EG IIT) + (4.5x%EG IV) + (6x%EG V)}/100

2.5.2 Simpsons Diversity Index

Simpsons Diversity Index (Equation 6) is a metric for how even the spread of taxa is
within the sample. The Simpsons Diversity Index is between 0 and 1, a sample with a
low index value will generally be dominated by a small number of taxa, while a sample
with a high index value will have a greater number of taxa contributing significantly

and evenly to the assemblage.

Equation 6 The Simpsons Diversity Index where n is the abundance of individuals of a taxon. And N is
the abundance of all individuals of all taxa

— 1 _ 2D
D=1 (N(N—l)

2.5.3 Species Richness
Species Richness is simply the number of different Taxa found within a sample and is

a metric for diversity.

2.5.4 Infaunal Quality Index (1QI)

The Infaunal Quality Index (IQI) (Equation 1) consists of three metrics, AMBI, Simp-
sons Diversity Index and Species Richness. The output from an IQI analysis is an
Ecological Quality Ratio (EQR) and is derived from comparing each metric with a “Ref-
erence” metric, which is a regression derived metric value based on the sample’s sed-
iment statistics and salinity.

2.5.5 Reference Conditions

In order to assess the health of a benthic sample the 1QI model compares each metric
to a theoretical undisturbed reference metric, which was calculated using pressure
gradient analysis from nutrient and contaminant disposal sites using two data sets
during the development of the tool and has since been updated with further data sets
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to improve the reference model (Phillips et al., 2014). Note this reference metric is
independed of reference sites included in this study. In order to compensate for non-
disturbance-based bias i.e., habitat and sampling protocol, a range of reference con-
ditions have been gathered, based on current data, expert knowledge and statistical
models. Different reference condition values are available based on a sample’s sedi-
ment type and sample salinity, along with the sampling protocol (subtidal grab/inter-
tidal core, sieve mesh size and volume of sediment collected).

2.5.6 Ecological Quality Ratio (EQR)

The output of the IQI protocol is an Ecological Quality Ratio (EQR) with a range of O-
1. The EQR is for an individual sample and can be averaged across varying spatial
scales to give an average water body EQR score. The boundaries for the EQR used

within the Water Framework Directive are found in Table 4.

Table 4 Summary of the Water Framework Directive (WFD) Ecological Status Ecological Quality Ratio
(EQR) ranges

Ecological Status EQR range
High 0.75-1
Good 0.64-0.75
Moderate 0.44-0.64
Poor 0.24-0.44
Bad 0-0.24

2.5.7 1Q1 Workbook

The IQI workbook (UKTAG, 2014b) currently available (last updated 2014) was used.
A complete species matrix consisting of taxa names as row names and sample code
as column names with taxa abundances populating the cells were inputted into the 1QI
Excel macro. Due to the outdated taxa list within the 1QIl workbook, taxa had to be
compared with the taxa list within the excel macro and updated taxa renamed to match
2014 taxonomy to allow the macro tool to calculate the AMBI Score. Within the macro
the species data were truncated by removing non-invertebrate and non-benthic taxa
such as plankton and fish species. Colonial and encrusting species values were con-
verted to either present (1) or absent (0), and an AMBI group assigned based on the
AMBI referenced list within the macro, following which the macro calculated each
35



sample’s AMBI, Simpsons Diversity Index and Species Richness. In order to calculate
the 1QI, the sample’s Folk description extracted from the GRADISTAT program were
inputted. In addition to the area’s salinity regime (Coastal (32.5 ppt)) which best de-
scribed the salinity category of the windfarm within the 1QI tool options, in addition to
elements of the survey method (i.e., grab sample and 1 mm mesh size) were inputted
into the Excel macro in order to calculate the reference value for each metric for each
sample. Only sample EQR, AMBI, Simpsons Diversity index and species richness

were extracted from the tool for further analysis.

2.6 Statistics
2.6.1 sample classification

To run the suite of statistics required for this study, samples were grouped within mul-

tiple spatial and temporal scales outlined in Table 5

Table 5 A description of sample grouping terms used within this document.

Sample Group | Description

Windfarm “Windfarm” refers to the windfarm the data was collected, either
Burbo Bank, Walney, Gunfleet or Greater Gabbard

Site Type “Site type” refers to the group assigned in section 2.5

Phase Phase refers to the sampling phase the samples were taken from,
either Pre-Construction or Post-Construction

2.6.2 Univariate Analysis

In order to assess the change in univariate parameters pre and post construction (Hy-
pothesis 1,3 and 5), a suite of non-parametric analyses was carried out, this was be-
cause EQR, AMBI and Simpsons Diversity Index are ratios and thus bounded between
0-1. When the data were transformed using an arcsine transformation and tested for
normality, all data were found to not meet the assumptions required for parametric
testing. For two level testing the Wilcoxon signed rank test was used. For multiple
factor testing the Kruskal-Wallis test was used, with a Dunn’s Post-hoc test with a
Bonferroni correction to identify significant pairs. Generalised linear regression mod-
elling analysis was carried out on species richness, mean sediment grain size and
sorting and data assuming a Poisson distribution family (Hypothesis 6). All univariate
statistics were carried out using the statistical program R V.1.3.959 (R Core Team,
2015).
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2.6.3 Multivariate Analysis

Multivariate analysis was carried out within the Primer V.7 & PERMANOVA statistical
package (Clarke K and Gorley R, 2015). Once the species abundance matrix was
inputted, the data was fourth root transformed after examining shade plots of the raw
and square root transformed data. The fourth root transformation down-weights ex-
tremely abundant species while upweighting rarer species allowing a more compre-
hensive analysis of the assemblage. This was done to reduce the influence of high
density aggregations of certain taxa not present in the remaining waterbody and lower
the impact of seasonally high abundances of juvenile taxa between pre and post con-
struction. It is acknowlaged that this transformation may have lowered the sensitivity
of the analysis to change lowering the influence of high density opportunistic taxa po-
tentially increasing the risk of type Il errors, though this transformation will produce a
more comparable waterbody assessment less sensitive to single sample influence.
Following this, a resemblance matrix was created based on samples’ Bray-Curtis dis-
similarity index.

The change in community (Hypothesis 3) was assessed using the PERMANOVA rou-
tine using a fully nested (Windfarm (Site type (Phase))) design, and where a main test
was found to be significant, a post-hoc pairwise comparison was carried out. Monte
Carlo tests were included in the pairwise analysis in order to significantly test groups
with insufficient permutation capability. The groups heterogeneity (Hypothesis 4) was
assessed using the PermDisp routine, again using a fully nested design.

A SIMPER analysis was conducted to identify what taxa contributed greatest to the
community change between Pre-Construction and Post-Construction (Hypothesis 3
and 4) with the abundance change (true abundance and 4" root transformed abun-

dance) calculated.

Sediment data (mean grain size (phi) and grain sorting (phi)) was inputted into a sep-
arate sheet and normalised by subtracting the mean and dividing by the standard de-
viation, for each variable (Clarke et al., 2014). A RELATE routine followed by a DistLm
routine was carried out to assess how the sediment characteristics impacted the ben-

thic assemblage (Hypothesis 7).
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2.6.4 Multiple Testing and Bonferroni Adjustments

In order to carry out pairwise nested comparisons between pre and post construction,
multiple tests were conducted between pre and post construction at each site type at
each windfarm (16 tests in total per nested analysis) for various univariate and multi-
variate parameters. To account for the elevated risk of type 1 errors, a Bonferroni
adjustment was made to the Alpha value. This was calculated to be a = 0.003. (0.05/16
(a/the number of tests run)). While tests were available (Dunn’s test) which takes mul-
tiple testing adjustments into consideration, the process required to carry out these
tests would have increased the theoretical number of tests to 108 thus applying a
much more conservative Bonferroni adjustment and likely leading to a greater risk of
type Il errors. Additionally, the PRIMER 7 and PERMANOVA software do not apply
alpha corrections, thus to aid in clarity hereafter the alpha value will be 0.003 for nested

analyses, and 0.05 for non-nested analyses or where a Dunn’s test has been used.
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3.0 Results

3.1 Summary

A total of 669 samples were taken from 272 sampling stations.; 273 benthic grab sam-
ples were included in the pre-construction dataset and 396 benthic grab samples in
the post-construction dataset. These were taken from 135 and 137 sample stations
respectively (Table 6). To avoid issues associated with pseudoreplication, grab sam-
ples (technical replicates) were mean averaged for each station level before com-
mencement of analysis (Table 6). This was done after univariate variates were calcu-
lated, but before the multivariate analysis was undertaken. It was done to reduce the
weighting of stations which had multiple replicates taken one survey and single repli-
cates taken another.

A total of 771 taxa were included in this analysis. These taxa were grouped within 447
genera and 260 families within 18 phyla. The phylum Annelida contributed 293 taxa to
the analysis, the phylum Echinodermata contributed 28 taxa, the phylum Mollusca
contributed 124 taxa, and the phylum Arthropoda 189 taxa. 570 taxa were identified
to species level, 117 to genus level, 48 to family level, 12 to order level, 10 to class

level and 7 to phyla level.

3.1.1 Benthic Communities

A SIMPER analysis was carried out within each windfarm with a 25% maximum cu-
mulative contribution percentage, to assess what taxa contributed most to each as-
semblage based on 4™ root transformed data. Burbo Bank’s highest contributing taxa
were the Polychaetes Lagis koreni, Spiophanes bombyx and Magelona johnstoni (con-
tribution = 8.58 %, 6.77 % and 5.89 % respectively) and the bivalve Kurtiella bidentata
(Contribution = 7.98%). Gunfleet was dominated by the Polychaete Nephtys cirrosa
(contribution = 18.89%) and the bivalve Nucula nitidosa (contribution = 13.22%).
Greater Gabbard had the largest number of taxa contributing 25% to the assemblage:
Nemertea contributed 7.19%, the polychaetes Glycera lapidum and Ophelia borealis
contributed 5.23% and 4.96% respectively and the bryzoan Aspidelectra melolontha
contributed 4.70%. Walney was dominated by Phoronis spp (6.50%), Nephtys incisa
(6.64%) and Nucula nitidosa (4.68%).
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3.2 Overall Change in Benthic Community

The change in benthic quality and benthic community assemblage was compared pre
and post construction. There was no significant change in the ecological quality ratio
(EQR) between pre and post construction (Wilcoxon signed rank test, W = 8896, p-
value = 0.5884; Figure 3). The median EQR fell from 0.695 during the pre-construction
surveys to 0.693 during the post construction surveys.

A significant difference in group centroid location based on a Bray-Curtis Dissimilarity
matrix was apparent when a PERMANOVA was carried out on the the 4th root trans-
formed species matrix (Pseudo-F = 8.727, P(Perm) = 0.001, Unique Permutations =
999).

Table 6 A summary of the number of stations included within each site type, phase and windfarm. The num-
bers in brackets indicate the number of benthic grab samples (technical replicates) included within each

group.

Burbo Greater Gunfleet | Walney | Total

Bank Gabbard
Windfarm 17 (49) |53(101) | 35 (64) 42 (126) | 147 (340)
Pre-Construction 9 (29) 33 (43) 20 (20) 25 (75) 87 (165)
Post-Construction 8 (22) 20 (58) 15 (44) 17 (51) | 60 (175)
Nearfield Windfarm 4 (12) 22 (46) 6 (14) 14 42) | 46 (114)
Pre-Construction 2 (6) 11 (13) 2(2) 6 (18) 21 (39)
Post-Construction 2 (6) 11 (33) 4(12) 8 (24) 25 (75)
Reference 16 (46) 13 (37) 6 (16) 10 (30) 45 (129)
Pre-Construction 8 (24) 1(1) 1(1) 7(21) 17 (47)
Post-Construction 8 (22) 12 (36) 5(15) 3(9 28 (82)
Cable 2 (6) 9 (21) 9 (17) 14 (42) | 34 (86)
Pre-Construction 1(3) 313 4 (4) 4 (12) 12 (22)
Post-Construction 13 6 (18) 5(13) 10 (30) 22 (64)
Total 39 (113) |97 (205) |56 (111) |80 (240) | 272 (669)
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Figure 3 A boxplot showing the difference in Ecological Quality Ratio (EQR) of benthic communities surveyed pre-wind-
farm construction and 1 year post construction using pooled data from 4 offshore windfarm developments (Burbo Bank,
Walney, Gunfleet and Greater Gabbard). Coloured bands indicate the Ecological status boundaries. A Boxplot represents
the spread of data within a distinct category, the bold line indicates the median value, the box represents the upper and
lower quartiles, the outside lines represent the minimum and maximum values without outliers (defined as a data point
that is outside 1.5 times the interquartile range above the upper quartile and bellow the lower quartile).

3.3 Inter-Windfarm Differences in Benthic Community

The difference in benthic community quality and assemblage between the four wind-
farms were assessed using only Pre-Construction data. There was a significant differ-
ence between windfarms (K-W Chi? = 46.596, df = 3, p-value < 0.001). A Dunn’s Test
with Bonferroni corrections was then carried out: Walney had significantly higher
EQRs than Burbo Bank, Greater Gabbard and Gunfleet. While the other three wind-
farms were not significantly different from one another (Figure 4). The difference in

benthic community assemblage was also assessed using a PERMANOVA with post
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EQR

hoc pairwise comparisons. It was found that there was a significant difference present
between windfarms (Pseudo-F = 21.521, P(Perm) = 0.001, Unique Perms = 995) with

all windfarms showing significant distinctness (Figure 5).
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Figure 4 A boxplot showing the difference in Ecological Quality Ratio (EQR) of benthic communities
surveyed pre-windfarm construction within 4 offshore windfarm developments (Burbo Bank, Wal-
ney, Gunfleet and Greater Gabbard). Coloured bands indicate the Ecological status boundaries A
Boxplot represents the spread of data within a distinct category, the bold line indicates the median
value, the box represents the upper and lower quartiles, the outside lines represent the minimum
and maximum values without outliers (defined as a data point that is outside 1.5 times the inter-
quartile range above the upper quartile and bellow the lower quartile).
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Figure 5 A 2-dimensional (2D) Non-Metric Multi-Dimensional Scaling (MDS) plots of bootstrapped av-
erages of pre-construction sample stations within four windfarms within the UK, based on 4th root
transformed data and a Bray-Curtis based resemblance matrix. A 2D MDS plot represent as Bray-
Curtis Dissimilarity matrix in 2-dimensional space, with a data point’s distance from all other data
points representing its dissimilarity. Points closer together have a greater similarity. Black symbols
represent the group centroids, while the coloured regions represent 95% confidence in sample group-
ing, note coloured points do not represent individual samples but bootstrapped averages

3.4 change in EQR and Benthic Community Between Pre and
Post Construction

3.4.1 Change in EQR

When the median EQRs were compared between pre and post construction within
each site type within each windfarm, no significant change was found in any sample
type within Burbo Bank, Gunfleet, or Greater Gabbard. Within the Walney windfarm
site type, the median EQR changed from 0.806 to 0.774, the Wilcoxon signed rank
test statistic was calculated as W = 122, p-value = 0.02103. Under normal statistical
conventions, this would indicate a significant change, however due to the analysis
including multiple testing, a more conservative a value of 0.003 was used to determine
significance. Thus, based on this analysis, it can be suggested that there was no sig-
nificant change in IQlI EQR between Pre and Post construction within any site types
within any windfarms (Table 7, Figure 6). Thus the Null hypothesis (Hypothesis 1) can

be accepted. If the area classifications are considered it can be seen that no windfarm
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area showed a change in classification, while this was apparent in other areas, this is

likely due to the comparably low sampling effort in other areas confounding natural

variation with true change.

Table 7 The outputs of pairwise Wilcoxon Signed rank non-parametric tests of Ecological Quality Ratio (EQR)
difference between pre and post construction within 4 site types within 4 Offshore windfarm Developments.
Significant differences are highlighted in bold. Note due to multiple testing a was set to 0.003 based on a Bon-
ferroni adjustment. Coloured Mean EQR cells represent WFD classification, Red = Poor, Orange = Moderate,
Green = Good, Blue = High.
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Windfarm | Site Phase Mean EQR Median EQR | W P
Burbo Windfarm Pre-Construction 0.615 0.651 27 | 0.413
Bank Post-Construction 0.557 0.551
Nearfield Pre-Construction | 0.695 0.695 0| 0.333
Windfarm Post-Construction 0.602 0.602
Reference | Pre-Construction 0.619 0.625 29 | 0.798
Post-Construction 0.613 0.624
Cable Pre-Construction NA | NA NA
Post-Construction NA
Walney | Windfarm Pre-Construction 0.806 | 122 | 0.021
Post-Construction 0.774
Nearfield Pre-Construction 0.726 | 29.5| 0.516
Windfarm Post-Construction 0.783
Reference | Pre-Construction 0.698 9| 0.817
Post-Construction 0.710
Cable Pre-Construction 0.682 21| 0.945
Post-Construction 0.677
Greater | Windfarm Pre-Construction 0.687 | 356 | 0.526
Gabbard Post-Construction 0.724
Nearfield Pre-Construction 0.740 | 50.5| 0.532
Windfarm Post-Construction 0.681
Reference | Pre-Construction NA | NA NA
Post-Construction 0.667
Cable Pre-Construction 0.613 15| 0.167
Post-Construction 0.720
Gunfleet | Windfarm Pre-Construction 0.625 | 175. | 0.404
Post-Construction 0.624 5
Nearfield Pre-Construction 0.686 4 1
Windfarm Post-Construction 0.676
Reference | Pre-Construction NA | NA NA
Post-Construction 0.672
Cable Pre-Construction 0.600 16| 0.191
Post-Construction 0.689
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Figure 6 Boxplots showing the difference in Ecological Quality Ratio (EQR) of benthic communities surveyed
pre-windfarm construction and 1 year post construction within 4 different site types within 4 offshore wind-

farm developments (Burbo Bank, Walney, Gunfleet and Greater Gabbard). Coloured bands indicate the Ecologi-

the bold line indicates

the median value, the box represents the upper and lower quartiles, the outside lines represent the minimum

cal Status boundaries. A Boxplot represents the spread of data within a distinct category,

and maximum values without outliers (defined as a data point that is outside 1.5 times the interquartile range

above the upper quartile and bellow the lower quartile).
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3.4.2 Community Composition Change at a Site Type Level

To assess if the benthic community assemblage changed between the pre and post
construction surveys a fully nested PERMANOVA routine was carried out. The main
test indicated that a significant difference in group centroids was present between at
least two groups (pseudo f = 2.947, P(perm) = 0.001, unigue permutations 997). A
pairwise post-hoc PERMANOVA routine was carried out. Due to analysis including
multiple testing an a value of 0.003 was used to assign significance. The permutational
P value was used to determine significance when the number of unique permutations
were above 400. Groups with a lower number of unique permutations used the Monty
Carlo P value. this was done to allow significant p value thresholds to be met (p =
0.003) within groups where the number of permutations would otherwise inhibit a sig-
nificant p value to be met (Table 8).

It was found that benthic community assemblages differed significantly between pre
and post construction within all ‘windfarm’ site types as as identified though the differ-
ence in group centroid location of Pre-Construction and Post-Construction data groups
(Table 8). Significant change in group centroid was also apparent for the ‘windfarm’,
‘nearfield windfarm’, and ‘cable’ site types of Walney, thus the Null hypothesis (Hy-
pothesis 3) can be rejected. When Bootstrapped averages were examined, it can be
noted that in all windfarms the amount of variance is much lower in the windfarm site
types compared to the other site types, additionally it can be seen that in all windfarms
there is difference between pre and post construction, however in many of the other
areas, the variance is likely limiting the statistical power of the assessment. Con-
versely, the variance within the Walney groups were comparably low, this is possibly
a reason why there was a significant difference between pre and post construction.
Interestingly, within Greater Gabbard and Walney showed close centroids and group-
ings during the pre-construction survey, while in the post construction survey there is
a clear separation. Under a null hypothesis it would be expected that the trajectories
of all areas would be in a similar direction, and the group cluster would remain rela-
tively intact, however a separation can be seen indicating a deviation of one group

from another. This adds weight to the rejection of the null hypothesis (Figure 7).
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Table 8 The output from nested pairwise PERMANOVA routines comparing pre and post windfarm construction,
with four site types within 4 offshore windfarm developments. Outputs were based of 4™ root transformed data
within a Bray-Curtis resemblance matrix. Due to multiple testing a was set to 0.003 based on a Bonferroni adjust-
ment. The P value derived from the Monte Carlo test was used when the number of unique permutations were
below 400. Significant differences are highlighted in bold in a grey cell

Windfarm Site t P(perm) Unique P(MC)
Perms

Windfarm 1.669 0.001 954 0.021

Nearfield Windfarm 0.869 0.662 3 0.551

Burbo Bank Reference 0.827 0.728 935 0.659
Cable NA NA NA NA

Windfarm 3.892 0.001 999 0.001

Walney Nearfield Windfarm 1.781 0.002 852 0.008

Reference 1.559 0.01 120 0.037

Cable 1.639 0.001 631 0.013

Windfarm 2.260 0.001 998 0.001

Greater Gabbard Nearfield Windfarm 1.316 0.05 994 0.069

Reference 1.298 0.085 13 0.143

Cable 1.582 0.037 84 0.063

Windfarm 2.990 0.001 999 0.001

Gunfleet Nearfield Windfarm 1.363 0.068 15 0.154

Reference 1.242 0.171 6 0.236

Cable 1.208 0.075 35 0.217
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Figure 7 A 2-Dimentional Non-Metric Multi-Dimensional Scaling (MDS) plots of Bootstrap Averages of sample stations pre-wind-
farm construction (Filled shapes) and 1 year post construction (empty shapes) within 4 sample types within four windfarms,
based on 4th root transformed data and a Bray-Curtis based resemblance matrix A 2D MDS plot represent as Bray-Curtis Dissimi-
larity matrix in 2-dimensional space, with a data point’s distance from all other data points representing its dissimilarity. Points
closer together have a greater similarity. Black symbols represent the centre of the sample group, while the coloured polygons
represent 95% of the sample variance. note coloured points do not represent individual samples but bootstrapped averages.



3.4.3 Sample Type Level Change in Community Homogeneity

To assess if there was a change in the homogeneity of the samples within each nested
group, a Permdisp routine was carried out. This compared average Euclidian dis-
tances from group centroids of the nested sample types (Windfarm (sample
type(phase))), groups with a greater distance from centroid were considered to be less
homogenous. It was found that the mean distance from the group centroid was signif-
icantly higher (and thus less homogeneous) in the pre-construction survey than in the
post construction survey in the Greater Gabbard ‘Windfarm’ site type (Pre-Construc-
tion mean distance from group centroid = 57.959, Post Construction mean distance
from group centroid = 50.467, t = 4.0101,p = 0.002), While the mean distance from
centroid was significantly higher in the post construction survey within Walney ‘wind-
farm’ site type (Pre-Construction mean distance from group centroid = 31.617, Post
Construction = mean distance from group centroid = 37.333, t = 3.6743,p = 0.002
respectively). As there was variation between windfarms regarding significant change

it cannot be concluded if the null hypothesis (Hypothesis 4) can be rejected (Figure 8).
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Figure 8 A Bar chart of the output of a PermDisp analysis (which calculates the mean distance from a group centroid
within Euclidian space, based on a Bray-Curtis Dissimilarity matrix. (+SE) comparing pre and post windfarm construc-
tion within four site types within 4 offshore windfarm developments. A lower value indicates samples in a group have
a smaller spread and are more homogenous
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Note there is no data for Burbo Bank Cable and Gunfleet and greater gabbard refer-
ence preconstruction, this was because only a single station was included in this sta-

tion, thus there was insufficient data to calculate the means and standard error.

3.4 Windfarm Area Community Change

A SIMPER analysis was carried out on all ‘windfarm’ site types which indicated a sig-
nificant change, in order to identify change in taxa. taxa which had the greatest contri-
bution to the community change (a cumulative percentage of 20%) were included in
this analysis. As seen in tables 6 and 7, each windfarm’s community changed distinctly
from the others.

Within the Burbo Bank ‘windfarm’ site type, the bivalve Spisula subtruncata recorded
an 8.96 decrease in its average abundance, while the bivalve Donax vittatus recorded
an increase of 13.27 in average abundance. The tube building worm Lagis koreni rec-
orded an increase of 58.55 in average abundance, and the bivalve Kurtiella bidentata
recorded an increase of 28.37 in average abundance (Table 9) these abundance in-
creases were notably higher than the other windfarms.

Within Greater Gabbard, the change in community appeared to be slight, with many
species changing in abundance slightly, the polychaete Lumbrineris cingulata rec-
orded a 2.86 increase in average abundance. The polychaete Spirobranchus triqueter
recorded an increase of 1.86 in average abundance (Table 9).

Gunfleet ‘Windfarm’ site type recorded the smallest number of taxa accounting for 20%
of the change in community. The key change recorded was a decrease in the average
abundance of the amphipod Bathyporeia pelagica of 1.13, and an increase in the av-
erage abundance of the amphipod Bathyporeia elegans of 0.81.

Within Walney, species average abundance changed differently within different site
types, the brittle star Amphiura filiformis recorded a reduction in average abundance
of 4.36 within the ‘windfarm’ site type, and an increase of 6.65 average abundance
within the ‘nearfield windfarm’ site type. Similarly, the horseshoe worm Phoronis spp.
recorded a decrease of 1.32 average abundance within the ‘windfarm’ site type, and
an increase of 20.32 average abundance within the ‘nearfield windfarm’ site type. Sim-
ilarly, to Greater Gabbard the polychaete Lumbrineris cingulata recorded an increase
in average abundance within both the ‘windfarm’ and ‘nearfield windfarm’ site types of
Walney (Table 10).
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3.5 1Q1 Metrics

The 1QI calculations involve comparing ecological metrics (AMBI, Simpsons Diversity
Index and Species Richness) with theoretical reference conditions dictated by sedi-
ment characteristics and salinity. As the construction of the windfarm had the potential
to have altered the sediment characteristics in some capacity it was deemed appro-
priate to carry out the same analytical procedure on each metric independently, as the
metric values were calculated prior to applying the reference conditions and thus were
independent from any change in sediment, a broad agreement between the metrics
and the EQR would add confidence to the EQR results. No significant change was
recorded between pre and post construction within any site types within any windfarms
thus the null hypothesis (Hypothesis 2) can be rejected, adding confidence to the find-
ings of the EQR results (Figures 9-11).

3.5.1 Cables

While it may appear within Figures 8-10 that a significant change was present within
the cable site type, this is not the case, due the low sample numbers within primarily
the Pre-Construction cable site type (Table 6) compounded by the non - parametric

testing leading to insufficient testing power to identify significant change.
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Table 9 The changes to taxa abundance that contributed most to the significant change in benthic
community found within Burbo bank, Gunfleet and Greater Gabbard windfarm Site types. Species
traits taken from MarLIN, 2006

| Burbo Bank Windfarm Community change

Species jz> %*(j; § %QIJ QC-I'DJ C-I'DJQ %g %g
o ® 2 o TS| 29| o3 S ¢ 55
- = = s8 | 23|31 83| €2
= = 3 S| 52 = 2
8 | 5§8(895| & 3
Spisula Suspension Imobile Fine grained 4.45 | 4.45 -1.73 | -8.96
subtrun- feeder burrower sediment
cata (150-250 um)
Donax Suspension Crawler, Fine Grained |4.16 | 8.6 1.46 | 13.27
vittatus feeder Burrower | sediment
(50-250 um)
Lagis IV | Deposit burrower Muddy 3.98 |12.59 | 0.53 |58.55
koreni feeder sand/sandy
mud
Kurtiella | Il | Suspension Crawler/bu | Fine Gravel- 3.05 |15.63 |0.39 |28.37
bidentata /deposit rrower muddy sand
feeder
Magelona | | Deposed Burrower | fine sediments 2.9 18.54 | -0.01 | -0.17
johnstoni feeder (150 to 300 pm)
Ophiu- Il Suspension, | Epibenthic | Sand and 2.7 21.24 |1.08 |1.36
ridae in- deposit crawler muddy sand
det feeder
\ | Greater Gabbard Windfarm Community Change
Species | Z o = 5| 98| 82| 30| 3&
w o S >SS | 20| o3| 82| 8¢
= = = 8 > =. 0D ®© c Q = Q o
Q < wo | 82 28| @2 (R
— ° = 2 2= o a
§ 18 | ®@3 Qe ®
Lum- Il Predator, Freeliving | Gravel-muddy |2.45 |245 |1.3 2.86
brineris Scavinger burrower, | sand
cingulata crawler
Lagotia N/ | N/A N/A N/A 1.69 |4.13 |055 |0.25
viridis A
Spiro- N/ | Suspension Epifaunal Hardrockand | 1.48 |5.61 |0.87 |1.87
branchus | A | feeder sedentay | shell substrate
triqueter
Echinocy- | | Deposit Free living | Coarse sand 146 |7.07 |0.02 |0.02
amus pu- feeder burrower, | and gravel
sillus crawler
Glycera Il Predator Swimmer Coarse sedi- 1.35 842 |0.11 |0.13
lapidum Scavenger Burrower ment
Ophelia I Deposit burrower Clean sand 1.33 |9.75 |0.2 0.04
borealis feeder
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Nemertea | Il | N/A N/A N/A 1.3 11.04 | 0.32 |0.70
indet
Spisula I Suspension Burrlower | Graveltofine |1.21 |12.25 |0.46 |0.04
elliptica feeder sand
Noto- [l | Deposit Free living | Clean, muddy | 1.2 13.45 | 0.78 | 0.37
mastus feeder burrowers | sand
latericeus
Aspidelec | I Suspension Encrusting | Shells and 1.19 |14.65 |0.21 |0.11
tra melol- feeder rocks
ontha
Glycera Il Predator Swimmer Coarse sedi- 1.16 |15.81 | -0.07 | -0.01
oxyceph- Scavenger Burrower ment
ala
Nema- | N/A N/A N/A 1.14 |16.95 |-0.13 | -0.05
toda indet
Con- Il Suspension Encrusting | Shells and 1.12 |18.06 | 0.13 |0.04
opeum feeder rocks
reticulum
Electra Il Suspension Encrusting | Shells and 1.11 |19.17 |0.39 |[0.10
monosta- feeder rocks
chys
Sabel- I Suspension Tube/reef | Rock, cobbles | 1.07 |20.24 | 0.56 | 0.54
laria spi- feeder building bedrock
nulosa
I | Gunfleet Windfarm Community Change
Species | Z § = S5 | 90| 82 QO——;E," %g
: it 2 2|28 | 82| 85| @3
g 2 2* gz g8 3| °8
= 8 | 5§95 | & 3
Bathy- I scavingers Crawler, Fine to me- 7.48 |7.48 -1.03 | -1.13
poreia swimmer dium sand
pelagica
Nucula I Deposit burrower Fine clean 6.73 |14.21 |0.15 |0.35
nitidosa feeder sand, Muddy
sand, Sandy
mud
Bathy- I scavingers Crawler, Fine to me- 6.44 |20.66 |0.95 |0.81
poreia el- swimmer dium sand
egans
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Table 10 The changes to taxa abundance that contributed most to the significant change in benthic
community found within the Windfarm, Nearfield Windfarm and Cable areas of Walney offshore
windfarm development. Species traits taken from MarLIN, 2006

| Walney Windfarm Community Change
T

Species z 2 = 35| 80] 22| 23 S &
W@ o =) TS | 20 o 3 5 c 55
B = = 8 | g8 | 85| §3 S 2
= = 2 |sB| B2 3 5
g 8 |89 | 95 g 8
D
Amphiura Il suspension Free living Muddy sand, Sandy | 3.05 | 3.05 -0.31 -4.36
filiformis feeder, deposit crawler mud
feeder
Kirkegaardia N/A | Deposit feeder Burrower mud or muddy sand | 2.40 | 5.44 1.02 1.08
dorsobranchialis
Callianassa spp | Il deposit feeder Burrower, sandy mud sedi- 221 | 7.66 -0.94 -0.78
crawler ments
Kurtiella bi- I Suspension /de- Crawler/bur | Fine Gravel-muddy | 2.20 | 9.86 -0.15 -0.35
dentata posit feeder rower sand
Golfingia (Golf- N/A | Detritus, deposed | Burrower muddy sand or 2.03 | 11.89 -0.86 -0.69
ingia) vulgaris feeder gravel
Thysanocardia I Detritus, deposed | Burrower muddy sand or 191 | 13.80 0.85 0.52
procera feeder gravel
Abyssoninoe Hi- | Il N/A N/A N/A 1.79 | 1559 |0.74 0.30
bernica
Lumbrineris cin- | 1l Predator, Scav- Freeliving Gravel-muddy sand | 1.66 | 17.25 0.84 0.50
gulate inger burrower,
crawler
Amphictene au- | | Deposit feeder burrower Muddy sand/sandy | 1.50 | 18.75 -0.45 -0.29
ricoma mud
Phoronis spp N/A | Suspension Burrower, Rock-muddy sedi- 150 |20.25 | -0.03 -1.32
feeder encrusting, | ment
boring
| | Walney Nearfield Windfarm Community Change
Species :‘g S & s sz |94 @ 2 %101 Sg2
S ®Q S TS| 23| o3| S| 88%¢
- = 5 c# | 55| 35| 83387
@ = 2 |SE| B2 3| ®
@ °S® | 83 e
Amphiura fili- Il suspension Free living Muddy sand, Sandy | 3.38 | 3.38 0.35 6.65
formis feeder, deposit crawler mud
feeder
Lumbrineris cin- | 1l Predator, Scav- Freeliving Gravel-muddy sand | 2.35 | 5.73 1.14 1.69
gulate inger burrower,
crawler
Kurtiella bi- 1l Suspension /de- Crawler/bur | Fine Gravel-muddy | 2.09 | 7.82 0.26 0.88
dentata posit feeder rower sand
Kirkegaardia N/A | Deposit feeder Burrower mud or muddy sand | 2.00 | 9.82 0.87 0.57
dorsobranchialis
Golfingia (Golf- N/A | Detritus, deposed | Burrower muddy sand or 1.94 | 11.76 -0.83 -0.47
ingia) vulgaris feeder gravel
Phoronis spp N/A | Suspension Burrower, Rock-muddy sedi- 1.91 |13.67 | 0.62 20.32
feeder encrusting, | ment
boring
Thysanocardia I Detritus, deposed | Burrower muddy sand or 1.84 | 1551 |0.84 0.50

procera

feeder

gravel
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Thyasira flexu- 1 Sus-pen-sion Burrower mud, muddy sand 1.83 | 17.34 -0.6 -1.01
osa feeder
Corystes cassi- | | Scavinger, predi- | Burrower, sand 1.71 |19.05 |0.75 0.32
velaunus tor walker,
Hyala vitrea I deposed feeder Burrower N/A 1.62 | 20.67 |0.42 0.58
| Walney Cable Community Change
Species z :(é‘ = 32|80 82| 2T |Abun
5 2 s g2 38| §2| g5 |dance
2 Z g?ii g3 = ® 5 | change
< 2 Sq | @=< 8
3 0 S o ® @ =4
D
Magelona mira- | | deposed feeder Burrower Coarse cleansand, | 2.74 | 2.74 -1.12 -2.07
bilis Fine clean sand
Lagis koreni Y] Deposit feeder burrower Muddy sand/sandy | 2.56 | 5.31 1.18 1.94
mud
Nucula nitidosa | | Deposit feeder burrower Fine clean sand, 243 | 7.74 -0.53 -6.22
Muddy sand, Sandy
mud
Abra alba I Suspension and Burrower muddy fine sand or | 2.14 | 9.88 0.86 0.55
deposed feeder mud
Spiophanes I Suspension and Burrower clean sand 2.07 | 1195 |0.76 1.35
bombyx deposed feeder
Sthenelais limic- | Il N/A N/A N/A 201 | 1396 |0.74 0.75
ola
Magelona john- | | Deposed feeder Burrower fine sediments (150 | 1.91 | 15.86 0.78 0.37
stoni to 300 um)
Corystes cassi- I Scavinger, predi- | Burrower, sand 165 | 1751 0.64 0.47
velaunus tor walker,
Fabulina fabula | | Suspension and Burrower fine to medium 1.62 | 19.13 -0.03 -0.03
deposed feeder sand and silty sand
Phoronis spp N/A | Suspension Burrower, Rock-muddy sedi- 1.57 | 20.70 0.16 0.11
feeder encrusting, | ment
boring
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Figure 9 Boxplots showing the difference in AMBI of benthic communities surveyed pre windfarm

construction and 1 year post construction within 4 site types within 4 offshore windfarm develop-
ments (Burbo Bank, Walney, Gunfleet and Greater Gabbard). A Boxplot represents the spread of

data within a distinct category, the bold line indicates the median value, the box represents the up-

per and lower quartiles, the outside lines represent the minimum and maximum values without out-
liers (defined as a data point that is outside 1.5 times the interquartile range above the upper quar-

tile and bellow the lower quartile).
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Figure 10 Boxplots showing the difference in Simpsons Diversity Index of benthic communities sur-
veyed pre windfarm construction and 1 year post construction within 4 different site types 4 off-

shore windfarm developments (Burbo Bank, Walney, Gunfleet and Greater Gabbard). A Boxplot rep-
resents the spread of data within a distinct category, the bold line indicates the median value, the

box represents the upper and lower quartiles, the outside lines represents the minimum and maxi-

mum values without outliers (defined as a data point that is outside 1.5 times the interquartile range

above the upper quartile and bellow the lower quartile).
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windfarm developments (Burbo Bank, Walney, Gunfleet and Greater Gabbard) A Boxplot represents

Figure 11 Boxplots showing the difference in Species Richness of benthic communities surveyed pre
windfarm construction and 1 year post construction within 4 different site types within 4 offshore
the spread of data within a distinct category, the bold line indicates the median value, the box repre-

sents the upper and lower quartiles, the outside lines represents the minimum and maximum values
without outliers (defined as a data point that is outside 1.5 times the interquartile range above the

upper quartile and bellow the lower quartile).

58



3.6 Impact of the Sediment Environment on the 1QI Metrics

As the IQI reference conditions take sediment statistics into calculation, the impact the
mean grain size (Phi) and grain sorting (phi) had on the 1QI metrics were assessed, in
addition to assessing how the sediment parameters differed between pre and post

construction.

3.6.1 Species Richness

The effect of mean grain size (phi) and grain sorting on species richness was assessed
using a generalised linear model under a Poisson distribution family. Both grain size
and sorting had a significant impact on the number of taxa within a sample. It was
found that mean grain size (Phi) negatively impacted the number of species found
within a sample. As the phi scale is an inverse logz of grain diameter (in mm), this
finding suggests that as mean grain diameter increased the number of taxa also in-
creased (Estimate = -0.117546, Z value = 017.95, P < 0.001),. Samples with poorer
sorted sediment (higher sorting value) had a greater species number than well sorted
samples (Estimate = 0.08883, z = 8.671, P < 0.001),(Figure 12). A multiple GLM was
carried out to assess if a significant interaction was present between grain sorting and
grain sizes impact on Species Richness. There was found to be a significant interac-
tion between grain sorting and grain size, with a negative interaction present, indicat-
ing as mean grain size (phi) decreased, the impact of grain sorting on Species Rich-
ness increased (Table 11), thus the Null hypothesis (Hypothesis 6) can be rejected.

Table 11 The output from a multiple generalised liner model using a Poisson distribution, to assess
the impact grain sorting and mean grain size (Phi) had on benthic Species Richness including the in-
dependent variables interaction, using benthic grab data collected from four offshore windfarm de-
velopments

Estimate SE zvalue P-value
Intercept 2.679 0.052 51.189 <0.001
Sorting 0.207 0.020 10.162 <0.001
Mean grain size (phi) -0.047 0.017 -2.744 0.006
Interaction -0.029 0.006 -4.747 <0.001
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Figure 12 A: Scatterplot of Mean grainsize (Phi), and the Number of taxa found within benthic grab samples within 4
windfarms (Burbo Bank, Walney, Gunfleet and Greater Gabbard). Data was collected during preconstruction and 1
year post construction surveys. The trendline the output of Generalised Linear Model (GLM) based on a Poisson dis-
tribution family. Phi is calculated as -Log, (Grain diameter (mm)).

B: Scatterplot of grain sorting (Phi) and the Number of taxa found within benthic grab samples within 4 windfarms
(Burbo Bank, Walney, Gunfleet and Greater Gabbard). Data was collected during preconstruction and 1 year post
construction surveys. The trendline the output of Generalised Linear Model (GLM) based on a Poisson distribution
family. The sorting value is a derivative of standard deviation thus lower values indicate a more well sorted sediment

60



3.7 Impact of the Sediment Environment on the Benthic Com-
munity

In order to assess how the sediment characteristics impacted the benthic community
assemblage, first a RELATE routine was carried out, which uses Spearman’s rank
correlations of the Bray Curtis based community resemblance matrix and the Euclid-
ean distance based environmental resemblance matrix and aims to assess if the two
matrices match. When this was carried out it was found that the sediment environment
and community were correlated (Rho = 0.311, p = 0.001). Following this a DistLM
routine was carried out. It was found that both mean grain size (phi) and grain sorting
had a significant impact on the benthic communities (Pseudo F = 17.545, p = 0.001
and Pseudo F =6.0575, p = 0.001 respectively). It was found that grain size explained
most of the variation (R? = 0.062) though still a low R? value. Sorting had an R? of
0.030, with a combined R? of 0.091 thus the Null hypothesis (Hypothesis 7) can be
rejected. While the effect these sediment characteristics had on the community as-
semblage were significant, the low combined R? indicates that there are other factors
which will have likely had a greater impact on the assemblage which were not consid-

ered in this analysis.

3.8 Impact of Wind Farms on Sediment Characteristics

3.8.1 Mean Grain Size

There was a significant difference in mean grain size between windfarms (K W chi
squared 60.712, df = 3, P < 0.001). A Dunn’s non-parametric post hoc test was carried
out using Bonferroni corrections to identify significantly differences between wind-
farms. All windfarm pairs were significantly different from each other apart from Burbo
Bank and Greater Gabbard, and Gunfleet and Walney (Figure 13, Table 12) Generally
Gunfleet and Walney had finer muddier sediment, while Burbo Bank and Gunfleet had
larger grain more sandy sediment. Burbo bank and Walney had the smallest variation
in mean grain size, while Gunfleet had a comparably large variation in grain size.

The difference in mean grain size (Phi) between pre and post construction varied be-
tween windfarm and site type. Within Greater Gabbard and Gunfleet, the median
grainsize (Phi) generally decreased between pre and post construction, while within

Walney and Burbo Bank grain size appeared more variable (Figure 14). Pairwise
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Wilcoxon tests were carried out using the method described in section 3.3. It was found
that there was a significant difference in mean grain size within the ‘windfarm’ site type
within Gunfleet alone (W = 0, p value < 0.001) (Table 13) As there was variation be-
tween windfarms regarding significant change it cannot be concluded if the null hy-
pothesis (Hypothesis 5) can be rejected.

Table 12 Output from a Dunn's post-hoc comparison test using Bonferroni adjustments, comparing
the sediment mean grain size (phi) values of four offshore windfarms developments during precon-
struction surveys

Comparison yA P. unadjusted P. adjusted
Burbo Bank — Greater Gabbard 1.933 0.053 0.320
Burbo Bank - Gunfleet -2.995 0.003 0.016
Greater Gabbard - Gunfleet -5.811 < 0.001 < 0.001
Burbo Bank - Walney -3.508 < 0.001 0.003
Greater Gabbard - Walney -6.945 <0.001 <0.001
Gunfleet - Walney -0.282 0.778 1.000
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Figure 13 A boxplot showing the difference in mean grain size (Phi) of benthic grab samples collected during pre-
windfarm construction surveys within 4 offshore windfarm developments (Burbo Bank, Walney, Gunfleet and Greater
Gabbard). A Boxplot represents the spread of data within a distinct category, the bold line indicates the median
value, the box represents the upper and lower quartiles, the outside lines represent the minimum and maximum val-
ues without outliers (defined as a data point that is outside 1.5 times the interquartile range above the upper quartile
and bellow the lower quartile).



Table 13 The outputs of pairwise Wilcoxon Signed rank non-parametric tests of difference in mean
grain size (Phi) between pre and post construction within 4 site types within 4 offshore windfarm
developments. Significant differences are highlighted in bold. Note due to multiple testing a was set

to 0.003 based on a Bonferroni adjustment

Windfarm Site Phase Medllan'Mean W P
Grain size
i Pre-construction 2.311
Windfarm Post-Construction 2.233 2510312
Nearfield Wind- | Pre-construction 3.398 2 1
BBUbeS farm Post-Construction 6.233
an Pre-construction 2.146
Reference Post-Construction 2.083 sl 0.95
Pre-construction 2.041
Cable Post-Construction 1.867 0 1
. Pre-construction 5.200
Windfarm Post-Construction 5.253 1741 0.328
Nearfield Wind- | Pre-construction 4.750
farm Post-Construction 5.229 29.5| 0516
Walney Pre-construction 3.900
Reference Post-Construction 3.100 55 0.301
Pre-construction 3.050
Cable Post-Construction 2.810 181 0.829
. Pre-construction 1.200
Windfarm Post-Construction 0.363 180 | 0.006
Nearfield Wind- | Pre-construction 1.500 32 | 0066
Greater farm Post-Construction 0.570 )
Gabbard Pre-construction -1.100
Reference Post-Construction 0.544 121 0.154
Pre-construction -0.200
Cable Post-Construction -0.476 10} 0.905
. Pre-construction 3.570 <
Windfarm Post-Construction 2.833 o 0.001
Nearfield Wind- | Pre-construction 5.792 ol 0133
farm Post-Construction 2.917 )
Gunfleet -
Reference Pre-construction 5.047 ol 0235
Post-Construction 2.733 )
Pre-construction 8.884
Cable Post-Construction 1.033 3| 0111
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Figure 14 Boxplots showing the difference in mean grains size (Phi) of benthic communities surveyed
pre-windfarm construction and 1 year post construction within 4 different site types within 4 off-
shore windfarm developments (Burbo Bank, Walney, Gunfleet and Greater Gabbard) A Boxplot rep-
resents the spread of data within a distinct category, the bold line indicates the median value, the
box represents the upper and lower quartiles, the outside lines represents the minimum and maxi-
mum values without outliers (defined as a data point that is outside 1.5 times the interquartile range

above the upper quartile and bellow the lower quartile).
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3.8.2 Grain Sorting

There was a significant difference in median grain sorting between windfarms (K W
chi squared = 12.659, df = 3, p = 0.005). a Dunn’s non-parametric post hoc test was
then carried out using the Bonferroni method to identify significantly different wind-
farms. As seen in Table 9, Burbo Bank was significantly different from Greater Gab-
bard and Walney, all other pairs were not significantly different from each other (Table
14, Figure 15). Similar to grain size, the difference in sorting differed in varied ways
between pre and post construction within the different windfarms and site types (Figure
16). A pairwise Wilcoxon test array (see section 3.3) found there was only a significant
change in grain sorting within the ‘windfarm’ site type within Walney (W = 0, p value <
0.001) (Table 15). As there was variation between windfarms regarding significant
change it cannot be concluded if the null hypothesis (Hypothesis 5) can be rejected.

Table 14 Output from a Dunn's post-hoc comparison test using Bonferroni adjustments, comparing
the sediment grain sorting (phi) values of four offshore windfarm developments during preconstruc-
tion surveys

Comparison V4 P. unadjusted P. adjusted
Burbo Bank — Greater Gabbard -2.974 0.003 0.018
Burbo Bank - Gunfleet -2.221 0.026 0.158
Greater Gabbard - Gunfleet 0.567 0.571 1
Burbo Bank - Walney -3.458 0.001 0.003
Greater Gabbard - Walney -0.699 0.484 1
Gunfleet - Walney -1.152 0.249 1
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Figure 15 A boxplot showing the difference in mean grain sorting (Phi) of benthic grab samples collected during pre-
windfarm construction surveys within 4 offshore windfarm Developments (Burbo Bank, Walney, Gunfleet and
Greater Gabbard). A Boxplot represents the spread of data within a distinct category, the bold line indicates the
median value, the box represents the upper and lower quartiles, the outside lines represent the minimum and max-
imum values without outliers (defined as a data point that is outside 1.5 times the interquartile range above the
upper quartile and bellow the lower quartile).
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Table 15 The outputs of pairwise Wilcoxon Signed rank non-parametric tests of difference in Grain sorting (Phi)
between pre and post construction within 4 site types within 4 offshore windfarm developments. Significant dif-
ferences are highlighted in bold. Note due to multiple testing a was set to 0.003 based on a Bonferroni adjustment

Windfarm | Site Phase Median Grain Sorting | W P

Burbo Windfarm Pre-Construction 0.515 47 0.312
Bank Post-Construction 0.583

Nearfield Windfarm | Pre-Construction 1.830 1 0.667
Post-Construction 0.700

Reference Pre-Construction 0.628 31 0.958
Post-Construction 0.583

Cable Pre-Construction 0.571 0 1
Post-Construction 0.400

Walney | Windfarm Pre-Construction 2.300 0| <0.001
Post-Construction 1.587

Nearfield Windfarm | Pre-Construction 2.150 | 11.5 0.120
Post-Construction 1.600

Reference Pre-Construction 2.000 1 0.033
Post-Construction 0.700

Cable Pre-Construction 1.150 18 0.832
Post-Construction 0.893

Greater | Windfarm Pre-Construction 1.100 | 374 0.425
Gabbard Post-Construction 2.156

Nearfield Windfarm | Pre-Construction 3.700 38 0.151
Post-Construction 2.048

Reference Pre-Construction 3.500 1 0.308
Post-Construction 2.207

Cable Pre-Construction 3.700 8 0.905
Post-Construction 2.371

Gunfleet | Windfarm Pre-Construction 2.371 83 0.027
Post-Construction 2.371

Nearfield Windfarm | Pre-Construction 3.166 1 0.240
Post-Construction 1.150

Reference Pre-Construction 4.394 0 0.333
Post-Construction 0.700

Cable Pre-Construction 2.841 12 0.730
Post-Construction 2.967
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Figure 16 Boxplots showing the difference in grain sorting (Phi) of benthic communities surveyed pre-windfarm construction
and 1 year post construction within 4 different Site types within 4 offshore windfarm Developments (Burbo Bank, Walney,

Gunfleet and Greater Gabbard) A Boxplot represents the spread of data within a distinct category, the bold line indicates the

values without outliers (defined as a data point that is outside 1.5 times the interquartile range above the upper quartile and

median value, the box represents the upper and lower quartiles, the outside lines represents the minimum and maximum
bellow the lower quartile).

67



4.0 Discussion

4.1 Summary of Results

No significant changes in average EQR between pre and post windfarm construction
were apparent in any site types in any windfarm developments. Conversely, a PER-
MANOVA routine suggested the benthic community was found to change significantly
within the areas classified as ‘Windfarm’ site types in all four windfarm developments.
Additionally, the three metrics the 1QI is composed of (Species Richness, AMBI and
Simpsons Diversity Index) also showed no significant change between pre and post
construction. The PermDisp routine indicated that little and variable changes in com-
munity homogeneity were apparent between pre and post construction within the four
windfarms, this routine can indicate ecological stress where samples within an area
(site type) become more homogenous, however this was not apparent in this analysis,
S0 no indication of ecological stress was noted (Chapman et al., 1995; Clarke et al.,
2014).

Mean grain size and grain sorting was found to have a significant effect on species
richness and the benthic assemblage. Grain size was found to positively impact spe-
cies richness, with more taxa recorded within samples with a larger mean grain size
(samples with a grain size between 1000um (1mm) and 4000um (4mm) having be-
tween 10 and 70 species, while samples with grain size less that 4um having between
0-10 species present). A significant interaction between grain size and sorting was
apparent with a negative relationship present. Grain size and sorting was also found
to significantly affect the community assemblage, however a low cumulative R? value
indicated that there were many other factors driving the community assemblage which
were not included in this study. There appeared to be little difference in the sediment
characteristics between pre and post construction within all site types, within all wind-
farm developments, with variable changes between windfarms and sample types, and
the only significant change to grain size found within the ‘windfarm’ site type of Greater
Gabbard, and the only significant change in grain sorting found within the ‘windfarm’

site type of Walney.
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4.2 The Interaction Between Sediment and Richness

Grain size and sorting had significant but limited impacts on both species’ richness
and benthic community. Samples with poorer sorted sediment had greater species
richness than samples with well sorted sediment . The suggested explanation for this
relationship is that poorer sorted sediments have a greater range of grain size habitat
complexity and thus an elevated range of niches leading to a greater species richness
(Noel Coleman et al., 1997; Ron J. Etter and J. Frederick Grassle, 1992). However,
grain size was found to interact with this relationship, with sorting having a smaller
impact on Species Richness in samples with smaller average grain sizes, and a
greater impact in samples with larger average grain sizes. There are several sugges-
tions why this interaction occurs, within fine mixed sediments, interstitial space is filled
with fine silt and mud, while in courser sediments interstitial space is maintained (Gay-
raud and Philippe, 2003).

Mean grain size also significantly increased species richness, l.e., samples with a
larger mean grain size had greater species richness. While this relationship has been
identified in other studies, (Coleman et al., 2007; Phillips et al., 2014) it is important to
note that this relationship is limited i.e., species richness will theoretically begin to fall
at a particular grain size due to limited habitat availability. It is also important to note
that grain size and sorting are both linked to the hydrodynamic regime of the area with
larger more well sorted sediments found within high energy environments with more
mixed poorly sorted sediments found within low flow areas (Chibana et al., 2022; Mal-
varez et al., 2001). Furthermore, the low R? value within the DistLM routine and high
degree of variance within the GLMs indicates that there are more dominant factors
impacting species richness which may have confounded the analysis, furthermore in
depth work is required to fully assess relationships between sediment characteristics
and species richness.

Sorting and mean grain size was also found to significantly impact the benthic com-
munity. It was beyond the scope of this study to identify community clusters associ-
ated to grain size and sorting or to identify any taxa level preferences. However,
based on the SIMPER analysis it was apparent that the species Spirobranchus tri-
gueter increased in abundance within the Greater Gabbard windfarm area. This spe-
cies is epifaunal and requires hard substrate such as stone or shell to attach to. This

provides possible evidence of a change in sediment size and an increase in the
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abundance of larger hard substrate Post-Construction having an impact on the ben-
thic community (Chan et al., 2014; Szabo et al., 2014), Additionally larger grain size
is and indication of elevated water velocities and thus suspended food. This is known
to increase the abundance of suspension feeders (Gili And Coma, 1998), however
included in the SIMPER analysis did not indicate trends in suspension feeder abun-
dance.

4.3 Sediment Change

Grain size was only found to significantly increase within the windfarm area at Gun-
fleet, while sorting was only found to significantly decrease within the windfarm area
of Walney. It is interesting that changes in grain size and sorting were each only ap-
parent within one windfarm. However, the lack of apparent change in grain size and
sorting within other windfarms is likely a result of the waterbody scope of the analysis
leading to acute significant changes being masked by the overall waterbody average.
Hydrodynamic models calculated by Rivier et al., 2016 found that water velocity and
thus seabed shear force increases at the side of windfarm monopiles, while decreas-
ing in front and behind the monopile. This consequently leads to erosional effects at
the sides of monopiles, removing finer sediment and thus increasing average grain
size. In addition, the resuspension of finer sediments into the water column can lead
to deposition of finer sediments within the surrounding seabed. The scour effect is
suggested to impact approximately 50 m each side of a turbine, though this is depend-
ent on monopile diameter and water velocity (Rivier et al., 2016). These models were
supported by Page et al., 2019 and Whitehouse et al., 2011 who found scour holes
extended < 100 m around the monopile. With regards to depositional effects, resus-
pended sediments will be deposited within low velocity environments. While it is not
possible to comment on the proximity of samples to the monopiles, one suggested
reason for the significant increase in mean grain size within Gunfleet is a higher pro-
portion of samples collected within scour effected areas, though further work is re-

quired to confirm this.
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4.4 Temporal Issues and Walney

The benthic community significantly changed within the ‘windfarm’, ‘nearfield wind-
farm’ and ‘cable’ site types of Walney. While in the other windfarm developments only
‘windfarm’ site types were found to have a significant change in community. A hypoth-
esised reason for this is the month in which the surveys were carried out. Both pre and
post construction surveys were carried out in the same season within Burbo Bank and
Gunfleet (September-October and May respectively). Greater Gabbards pre-construc-
tion surveys took place in June and November while the post construction surveys
took place in May. Walney’s preconstruction surveys took place in April and May, while
the post construction surveys took place in December and January. Additionally, when
the number of juvenile taxa were compared between the two surveys it was found that
Walney post construction survey contained 846 juvenile taxa, while the preconstruc-
tion survey only contained 195 juvenile taxa. It is generally understood that benthic
community composition fluctuates seasonally (Bae et al., 2018; De Mesel et al., 2015).
With the key drivers being seasonal availability of nutrients and detritus (Kelaher and
Levinton, 2003) and differing taxon spawning and settling times (Fernandes et al.,
2012; Omelyanenko & Kulikova, 2011). It is suggested that this natural seasonal
change in community contributed to the observed change in community within Wal-

ney’s sites.

4.5 Explanation for Detected Changes in Community That
Were Not Visible in the 1QI

No significant change in EQR was apparent within any windfarm within any area.
While this is unexpected: While it was predicted the piledriving of the monopiles, ad-
dition of scour protection, laying of cables and change in hydrodynamic regime, and
resuspension of sediment would have lowered the EQR by removing sensitive taxa,
and allowing opportunistic taxa to dominate and therefore lowering the number of taxa
within the area. It is acknowledged that much of the impacts reported in the literature,
are contained to a relatively small area however, it was considered that the cumulation
of all pressures may have elicited a waterbody IQI change (Page et al., 2019, Willsteed
et al., 2017).
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Conversely, benthic communities were found to change significantly at each site. The
SIMPER analysis revealed many taxa which displayed a decline in average abun-
dance were within AMBI group | (most sensitive to disturbance) (table 6 and 7). How-
ever, other AMBI group | taxa were found to increase in average abundance (table 6
and 7). One hypothesised explanation for the change in community but not in EQR is
that the taxa present pre-construction persists post construction, though in different
compositions. Thus, a decrease in one taxon may have been masked by an increase
in another, an example of this can be seen in Gunfleet ‘windfarm’ site type where
Bathyporeia pelagica recorded an average decrease of 1.126 individuals per 0.1m?
sample, while Bathyporeia elegans recorded an average increase of 0.815 individuals
per 0.1m? sample. both species have an AMBI group of I, thus the change in commu-
nity composition would not be apparent within the AMBI or Species Richness metrics
of the 1QI. Within the SIMPER analysis it was apparent that the Echinoderm Amphiura
filiformis contributed to the difference in areas in Walney. While these taxa are in-
cluded in the infauna, they along with other echinoderms are large, and thus it is un-
likely that they were sampled representatively using a grab method. Similarly,
Phoronis spp (Which also contributed to the change in Walney groups) lives in patchy
high abundance groups, which may have led to an apparent significant change in com-
munity driven by small scale natural clustering, however this issue would have been
minimised by 4! root transforming the data prior to analysis. In future work these taxa
should be used with caution or removed from grab analysis.

However, it is more probable that the lack of change within the EQR and metrics as
opposed to community change reflects a limitation with the IQI and waterbody analysis
methods sensitivity to detect waterbody change within structurally altered waterbod-
ies.

The age of a windfarm has been found to significantly impacts the benthic community
on the surrounding seabed within other studies. Coolen et al., 2022 modelled windfarm
age against species richness and Simpsons Diversity Index and found windfarm age
had a significant non-linear impact on both metrics: both increased slightly up to be-
tween 30 and 40 months after which they began to slightly fall. Subtidal epifaunal
communities of Jassa herdmani, Actiniaria indet. and Tubularia indet. were found to
take 1.5 years to develop to peak densities (De Mesel et al., 2015), it is likely at peak

density, propagation and thus community spread to the surrounding seabed would be
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at its greatest, impacting 1QI metrics (Norrie et al., 2020). Additionally, faeces and
pseudofaeces produced by epifaunal mussel communities have been found to elevate
mud content and nutrients on the surrounding seabed, which in turn leads to an ele-
vation of opportunistic taxa (AMBI EGV) thus leading to reduced AMBI values. (Bead-
man et al., 2004; D’Amours et al., 2008).

Offshore windfarms have been considered to be defacto marine protected areas as
the submarine cables and structures make ground fishing methods unsafe and pro-
hibited (Ashley et al., 2014; Borger et al., 2014; Gray et al., 2016; Hooper and Austen,
2014). A meta-analysis by Foden et al., 2010 suggested that soft sediment habitats
take less than one year to recover from beam and otter trawling, both methods were
conducted within each farm prior to construction based on maps available from
EMODnet, 2022. It is therefore suggested that while adequate time was allowed for
any recovery of benthic community from bottom fishing within the area to be detected,
insufficient time was allowed for the possible ‘spill over effects’ of the monopile epifau-
nal community to spread onto the surrounding benthos. There is potential evidence
for this effect as the epifaunal polychaete Spirobranchus triqueter increased in abun-
dance between pre and post construction, though no formal analysis on this matter
was conducted.

Regarding inter-windfarm differences, it can be noted that Burbo Bank and Gunfleet
have lower median EQR values than Walney and Greater Gabbard, a suggested rea-
son for this is that both Burbo Bank and Gunfleet are closer to land than Walney and
Greater gabbard, additionally, they are close to major estuarine ports, Burbo is adja-
cent to the Mersey, While Gunfleet is close to the Thames. It is possible that anthro-
pogenic pressures including pollution and fishing arising from land and river outputs
impacted the closer windfarms more than the windfarms further offshore, though with

the information available in this investigation, no conclusions can be suggested.
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4.6 Limitations to 1QI Analysis to Detect Structural Impacts
Within a Waterbody

4.6.1 Reference Conditions

As part of the EQR calculations, each sample metric is compared to a metric reference
value which aims to approximate the metric were the sample habitat in a theoretical
undisturbed environment. To generate this reference metric, the sample sediment sta-
tistics and salinity regime are applied to each sample. The key impacts of windfarm
construction on the benthic environment are changes in sediment environments by the
addition of erosional scour zones near the monopile; and wider depositional effects
(Page et al., 2019; Rivier et al., 2016). These changes in sediment characteristics will
change the reference metric, in turn masking any natural change in the metric (i.e., the
reference metric for coarser substrates is higher than that of finer substrates, thus an
increase in sediment size between two sampling events will increase the reference
metric which the sample metric is compared against (Phillips et al., 2014). Though it
is probable this issue impacted samples within this analysis, no individual metric
(which is calculated before applying the reference condition and thus is independent
of environmental change) changed significantly at a waterbody level, suggesting other

issues were more important in explaining the lack of change in IQI.

4.6.2 Waterbody Size and Size of Impacted Areas

A waterbody analysis aims to represent the waterbody as a whole, rather than local
impacts. As previously discussed, the scour effects, in addition to community shift due
to the presence of hard substrate, is relatively localised, impacting only 10s of meters
around each turbine monopile (Coates et al., 2014; Murray and Thieler, 2004; Page et
al., 2019), while the waterbody area and thus area available for sampling is substan-
tially greater (Coates et al., 2014; Coolen et al., 2022). It is therefore possible that the
localised impacts of the wind turbine construction were masked by the abundance of
samples from outside the area of effect. Within the four windfarms assessed, the ratio
between number of monopiles and windfarm area (m?) ranged from 1:900 within Burbo
Bank to 1: 1782 in Gunfleet. Though due to limited resources, exact monopile location

and thus sample proximity could not be assessed.
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4.6.3 Metric Selection and Community Change

The 1QI is one of approximately 35 benthic quality metrics available to assess benthic
guality (Borja et al., 2015), of which 12 are used or considered under WFD regula-
tions(Borja et al., 2009). All metrics are required to assess the “Structure and function-
ing of aquatic systems” (Article 2, no 21) (European Parliament, 2008; Culhane et al.,
2014) A metric used to assess the benthic ecological quality is required to assess the
i) abundance of invertebrate taxa (Species Richness in the case of 1QI), ii) benthic
diversity (Simpsons diversity Index in the case of 1QI) and iii) proportion of tolerance/
sensitive taxa (AMBI in the case of IQI) (Borja et al., 2009). Additionally, each metric
must include a comparison between collected metric values and reference conditions
representing undisturbed conditions (Muxika et al., 2007). Each method varies slightly
with varying sub-metrics and reference conditions, and each have benefits and nega-
tives.

While 1QI is more conservative in detecting disturbance than other methods such as
M-AMBI (i.e. the 1QI is more likely to indicate a stressor than M-AMBI) (Fitch et al.,
2014). It is possible that the metrics used within the IQl assessment poorly detect the
change in benthic community generated by the construction of monopiles and other
offshore structures. Coupled with the reference conditions masking the change in hab-
itat at a sample level, it is suggested the 1QI metric poorly detects benthic community
guality change at a waterbody level where offshore windfarm construction is present.
It is likely that one of the other 11 metrics used under the WFD may be more appro-
priate to deal with physical disturbance generated by windfarm construction. One such
metric is the Size Spectra Index (SSI), which is based on the concept that larger taxa
are more susceptible to disturbance and thus will reduce in abundance compared to
smaller taxa in disturbed sites (Basset et al., 2012). Additionally, rather than comparing
a sample value to a habitat derived reference condition as with 1QI, SSI compares the
value against an upper and lower anchor value (0 and 1 respectively) which will not
change with changing habitat. The MSFD assesses a much more extensive number
of parameters during its assessments (>600 available within all MSFD assessments),
with substantially more benthic indicators considered including those within the WFD,
but also indicators of specific taxa, extent of colonial and biogenic taxa, ratios of struc-

turally impacted/unimpacted areas (Teixeira et al., 2016).
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Further work should be carried out comparing 1QI with the SSI and other WFD and
MSFD benthic metrics to identify the most suitable benthic quality metric for habitat

altering disturbance.

4.6.4 Multivariate Analysis vs Univariate Metrics

Within this study the 1QI was compared to standard multivariate techniques, this was
done as multivariate techniques are known to be sensitive to community change.
Hewitt et al., 2005 compared multivariate techniques with univariate metrics to as-
sess community health along a stressor gradient based on storm overflow location
within an estuary. They concluded that multivariate techniques were more effective
than univariate metrics. While these methods are commonly used within Habitats Di-
rective and MSFD assessments, there is limited use within WFD classifications. Due
to WFD metrics being required to compare a community to a theoretical reference
community, thus within multivariate analysis would require a theoretical community
for all possible sediment and salinity combinations. And while this exists to some de-
gree within EUNIS biotope classifications (JNCC, 2022) natural localised community

variation would make accurate reference communities unfeasible.

4.7 Impacts on Waterbody Classifications and Heavily Modi-
fied Waterbody Designations

The methods and classification models designed to classify WFD waterbody element
ecological quality are based on natural waterbodies. However, the WFD also desig-
nates some waterbodies as Artificial Waterbodies, which are manmade waterbodies
such as reservoirs, and Heavily Modified Waterbodies where the waterbodies hydro-
geomorphological characteristics have been significantly altered by humans (Borja et
al., 2013), for reasons such as power creation, water storage, navigation, port creation
and flood defence (Borja and Elliott, 2007). While the aim is to achieve ‘Good Ecolog-
ical Status in unmodified waterbodies, within a Heavily Modified Waterbody the aim is
to achieve Good Ecological Potential, which is defined as the ecological standard/sta-
tus if the anthropogenic stressor was removed (Borja and Elliott, 2007).

A stepwise process is carried out to designate Heavily Modified Waterbodies, consist-
ing of 11 steps outlined in (European Commission, 2003) Where a waterbody contains

windfarm construction, there will be grounds to complete a Heavily Modified
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Waterbody designation assessment due to the likely change in hydrogeomorphologi-
cal characteristics outlined in this investigation. If the process is followed for a theoret-
ical waterbody containing a windfarm using solely 1QI data, then it is possible that the
waterbody may be falsely rejected as a Heavily Modified Waterbody, as the assess-
ment will fail to detect ecological change, not due to the lack of an ecological response,
but rather the 1QI processes inability to detect an ecological response, potentially
leading to unrealistic ecological standards goals (European Commission, 2003).

Furthermore, within ‘natural’ waterbodies where windfarms are present but not a sig-
nificant feature, it is possible that, if that waterbody failed to meet Good Ecological
Status, due to the masking affect outlined in section 4.6.1-2, the windfarm would not
be identified as a potential Reason for Not Achieving Good and thus may lead to
wasted resources or failure to remedy any benthic ecological damage associated with

windfarm construction and presence.

Theoretically, if a negative impact was apparent post construction due to physical
change, the question is asked what mitigation can be done? While impacts on other
habitats and organisms can be mitigated by translocation, habitat restoration and con-
servation projects, limited mitigation is possible within soft sediment as is governed by
multiple large scale environmental factors, coupled with relatively low conservation
status, additionally while constant pressure inputs into sediment such as nutrient en-
richment and pollution can be identified and reduced, where structural habitat change

occurs limited mitigation measures can be putin place once the structures are erected.

4.8 Impacts on windfarm data viability in MSFD.

As this study shows, 1QI is not impacted by windfarm construction at a waterbody
level. Thus it is suggested that this data may be acceptable to be included in the
MSFD IQI assessment. At minimum, the baseline surveys could be included to allow
preconstruction pressures such as fishing and aggregates dredging impacts to be in-
cluded. This would allow a much more extensive expanse of marine areas to be in-

cluded in the assessment.
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4.9 Statistical Power and Sample Number

As suggested in Franco et al 2015, 4 stations with 3 replicates (12 samples) is sug-
gested sufficient to generate an MDES of 50%, with 12 samples needed to identify
50% change in species abundance. If these values are applied to this study it can be
seen that only the windfarm areas had sufficient sampling effort to generate an MDES
of 50%, this may have lead to incorrect conclusions. Thus it cannot be concluded if
the apparent significant change in community in the windfarm compared to the other
groups derived from the Permanova analysis is a true difference in impact or if merely
the windfarm groups had sufficient sampling power to identify a statistical signal
through the noise of natural community variation, while within the other areas insuffi-
cient sampling power did not allow any signals present to be distinguished through the
natural community noise. The amount of variability is an element which drives the
power of a statistical assessment, as seen in figure 5 and 7 Walney had comparably
little variation in Brey Curtis Dissimilarity compared to the other three windfarms, this
may have contributed to the apparent change between pre and post construction in
the other areas. Though no conclusions can be drawn with the current data available.

A Before-After-Control-Impacted paired series (BACI-PS) analysis is widely consid-
ered to be the most appropriate method of assessing benthic change in offshore wind-
farms (Franco et al., 2015), however if the four station, three replicate suggestion is
considered, all four windfarm surveys assessed in this paper contain both incon-
sistency in the number of stations and replicates taken within the reference cites, mak-
ing comparable analysis to the windfarm area impossible. This is apparent for other
surveys assessing offshore windfarms (Franco et al., 2015) making hypothesis testing

less robust or impossible within offshore windfarm surveys.

4.10 Limitations to Data

While all attempts were made to ensure the data used within this study were as rep-
resentative as possible, several limitations to the available data made a more thorough
investigation not possible. Within the Gunfleet dataset, the preconstruction samples
came from a baseline survey and thus stations only contained single replicate samples

compared to the post construction triplicate replicate samples, leading to a greater
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variance within the data. Furthermore, by mean averaging the samples to station level,
it may have increased the number of species found in multiple sample stations com-
pared to single sample stations potentially contributing the apparent differences in the
multivariate analysis in Gunfleet.

Gunfleet and Greater Gabbard did not repeat the same sample locations throughout
both surveys, with several new sites sampled within the post construction survey.
While this would have cast doubt over the results of this analysis with regard to com-
munity change, similar outcomes were apparent with regards to community and EQR
within all windfarms regardless of sampling location consistency. Similarly, the lack of
consistent sample sites made site-specific analysis unviable. However, a WFD water-
body analysis does not require consistent sampling locations, only sufficient sample
number and spread to represent the whole waterbody (UKTAG, 2014a). Furthermore,
while wind turbine point data was available, the cost to acquire the data was too great
for this analysis, meaning distance-based regression analysis was not possible. Addi-
tionally, it would have been desirable to obtain additional information including bio-
mass, Total Organic Carbon (TOC) and water/sediment chemistry parameters. How-
ever, these datasets were inconsistently recorded and thus not available for a full anal-

ysis.
4.11 Type | and Type Il Errors

With regards to the 1QI and metrics, non-parametric statistics were used, as assump-
tions required for parametric testing were not met. Non-parametric tests are consid-
ered less powerful than parametric testing (Kaur and Kumar, 2015; Mumby, 2002;
Sedgwick, 2015). Additionally, due to the use of multiple testing, Bonferroni adjust-
ments were applied to the a value, further increasing the conservativeness of the sta-
tistics. Therefore, there was an elevated risk of a type Il error occurring, where a sig-
nificant change in EQR or relevant metric was present, however not identified by the

suite of statistics (Gordon et al., 2007; Ranganathan et al., 2016).

4.12 Lessons Learned and Improvements

This investigation aimed to assess windfarm constructions impact on the seabed in
a way that would as closely resemble a WFD waterbody IQI classification as possi-

ble. And while this investigation has identified various limitations with the current

79



waterbody assessment methods used by WFD, it has not been able to identify at
what spatial scale any ecological impacts are present. While the metrics and anal-
yses included in this investigation were selected to compare 1QI with community
change within the scheme of WFD, it is acknowledged that limited analysis was em-
ployed to assess specifically how the windfarm construction impacted the benthic
community function and structure. Were the aim to specifically assess if and to what
extent windfarms cause an ecological response, numerous change would be made

to better answer this question.

While species abundance data was used as it could be directly comparable between
PRIMER and IQI analyses, however this provides little ecological information, and
while ecological information was included in the SIMPER analysis table, it is recom-
mended that if this investigation was assessed to identify how community changed,
rather than species data used in the Brey-Curtis and other metrics, the species be
split into particular guilds based on size, feeding styles, mobility and other functional
traits. This would allow a better understanding of how the community structure
changed rather than simply species impacted (Bremner et al., 2006). Furthermore
while limited analysis was carried out to assess if the community change was due to
an influx of juveniles, it would be beneficial to assess how the season windfarm con-
struction occurs influence the settlement of benthic organisms (De Mesel et al.,
2015).

It is acknowledged that this investigation is relatively broad in nature and does not
provide in depth analysis on specific links between windfarm construction, distance
from monopile, sediment and benthic community. The resolution of the analysis was
to mimic a WFD waterbody analysis which does not contain this in depth information.
However, if the focus shifted to identify the driving factors, then a shift from water-
body analysis to pressure gradient based distance analysis to provide a better un-
derstanding of impact scale.

Additionally the additional confounding variables generated by the inclusion of multi-
ple windfarms made concluding hypotheses challenging: Rather than using four
windfarms and averaging the sample data to a station level, a single windfarm

should be selected and the triplicate replicates maintained to assess local variability.
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Additionally, finer resolution spatial data would be required for location of monopiles
and scour protection in order to assess spatial impacts. However, this is not used

within a WFD waterbody assessment.

While this assessment focused exclusively on the community change, little investiga-
tion was carried out linking particular pressures to community change, and while the
only environmental parameter included was sediment statistics there is a wide range
of other environmental parameters which could be used to resemble stress, further-
more, while this investigation only focused on the benthic environment, there is cur-
rent debate that individual habitats should not be looked at within separate silos, ra-
ther a holistic analysis is recommended which encapsulates the full ecosystem func-
tion in addition to the cumulative effects which offshore wind construction can gener-
ate (Willsteed et al., 2017).
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5.0 Conclusions

Offshore wind energy projects are predicted to grow in number and scope to meet the
twin goals of energy supply and reducing carbon emissions (Kaldellis and Apostolou,
2017; Sadorsky, 2021, 2011). Wind turbine monopiles have been found to have both
short and long term effects on local benthic ecology and hydrogeomorphology
(Degraer et al., 2020; Kerckhof et al., 2010; Rivier et al., 2016; Whitehouse et al.,
2011). Using benthic grab data collected from windfarm monitoring programmes cou-
pled with baseline data available from CEFAS, community analysis and an Infaunal
Quality Index (1QI) assessment were conducted for four windfarms at a waterbody
level. | found that:

e H6,H7)Sediment characteristics have a significant influence on the benthic
community;

¢ (H5)Sediment mean grain size and sorting showed limited and variable change
between Pre-Construction and Post construction;

e (H4) there was limited and variable change in community diversity between pre-
Construction and Post construction

e (H3)The benthic community significantly changes between a Pre-Construction
baseline state and one year Post-Construction;

e (H1,H2)However, windfarm construction was found to not have a significant
effect on the Infaunal Quality Index (IQI), with the hypothesized reasons for the
lack of change being:

i.  The reference conditions within the IQI model inadequately handling the
change in hydrogeomorphology;
ii.  The waterbody sampling method was too coarse to detect small scale,

localised changes associated with wind turbine monopiles.

The 1QIs failure to detect change in benthic quality within offshore windfarms, and by
extension other human-induced hydrogeomorphologically modified areas, may con-
found Heavily Modified Waterbody assessments and WFD waterbody investigations
where such structures are present, leading to wasted resources and ineffective water-

body management strategies.
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It is recommended that further study is required to test the hypotheses regarding limi-
tations to the 1QI and waterbody style method. The IQI assessment should be com-
pared against other WFD benthic quality methods to assess if a different metric would
be more appropriate to assess changes in hydrogeomorphology. This comparison will
need to be at a waterbody level to assess effectiveness within WFD waterbody anal-
ysis. Additionally, each metric should be assessed on a spatial gradient with regards
to distance and orientation to wind turbine monopiles. Ideally, this comparison should
be conducted via a bespoke monitoring program in order to control collected parame-
ters and standardised methodologies. In addition, this program should span multiple
years in order to assess if there is a successional change in IQI assessments as mono-
piles age. With our coastlines and shallow seas undergoing increasing levels of devel-
opment, it is vital management and monitoring are appropriate to legislative require-
ments. This suggested programme of work would ensure that current and future wa-
terbody benthic monitoring provides accurate results, allowing us to properly deter-
mine the ecological quality of our marine systems under increasing anthropogenic

stress.
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Appendix 1
R script

Box 1: A Comparison of EQR’s between the four windfarms using preconstruction data : Note
the same process was carried out for grain sorting and grain size however without the ‘abline’
in the boxplot
attach(Dataset)

when carrying out tasks, R will use data from the dataset
kruskal.test(Average_of IQI[phase=="Pre"]~Windfarm[phase=="Pre"])
carry out a Kruskal Wallis test using only ‘Pre’ construction data
dunnTest(Average_of IQI[phase=="Pre"]~Windfarm[phase=="Pre"], data=Dataset, method="bon-
ferroni")
Carry out a Dunns post Hoc test applying Bonferroni corrections
colors=c(rep("green™,1),rep("blue",1))
change box colours

boxplot(Average_of 1QI[phase=="Pre"]~Windfarm[phase=="Pre"],las=2,xlab="",ylab=
"EQR",col=colors,names=c("Burbo Bank","Greater Gabbard","Gunfleet","Walney"))
create Boxplot
legend(0.5,11,legend=c("Pre-Construction","Post-Construction™),fill=c("Green","blue"),box.lty=0)
Add Ledgend
abline(h=0.75,col="blue™)
abline(h=0.64,col="green")

Create coloured horizon-

abl ine(h:0.44,col:"orange") tal lines at set values
abline(h=0.24,col="red")
detach(Dataset)
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Box 2: the GLMS between Species richness and grain sorting and mean grain size

glmspecies richness and phi

attach(dataset)

Sphi<-glm(Average_of S~Average_of MEAN_folk_phi,family = poisson(link = log))

Create a GLM between Species richness (Average_of _S) and mean grain size (Average_of MEAN_folk_phi) using a poisson
distribution family

summary(Sphi)

reveal the output from the GLM

par(mfrow = c(2,1))

create two graphs in the same panel

plot(Average of S~Average of MEAN_folk_phi,ylab="Number of Taxa",xlab="Mean Grain Size (Phi)")

plot scatterplot

xvalues <- seq(-4, 12, 1)

provide x axis values

yvalues <- predict.gim(Sphi, newdata = list( Average_of MEAN_folk_phi=xvalues))

predict the trendline of the GLM

lines(xvalues, exp(yvalues), lwd = 3)

Draw trendline

Ssor<-glm(Average_of S~Average_of SORTING_folk_phi,family = poisson(link = log))

Create a GLM between Species richness (Average_of S) and mean grain sorting (Average_of_Sorting folk phi) using a poisson
distribution family

summary(Ssor)

reveal the output from the GLM

plot(Average of S~Average of SORTING_folk phi,ylab="Number of Taxa" xlab="Grain Sorting (Phi)")

plot scatterplot

xvalues <- seq(-1, 8, 1)

provide x axis values

yvalues <- predict.gim(Ssor, newdata = list( Average_of SORTING_folk_phi=xvalues))

predict the trendline of the GLM

lines(xvalues, exp(yvalues), lwd = 3)

Draw trendline

sall<-Ssor<-gIm(Average_of S~Average_of SORTING_folk_phi*Average_of MEAN_folk_phi,family = poisson(link = log))
Create a multiple GLM between Species richness (Average_of_S) and mean grain sorting (Average_of_Sorting folk phi) and
Mean Grain Size (Average_of MEAN_folk_phi) including an interaction term using a poisson distribution family
summary(sall)

reveal the output from the GLM

95




Box 2: Nested pairwise testing of grain size for pre and post construction within each site type in
each windfarm. Below is an example of the nested grain size loop using Burbo Bank as the se-
lected windfarm, the same code was used for other windfarms with the names changed, red text
describes each line of codes function.

This same code was used to compute and provide boxplots for grain size (this example), Grain
sorting, AMBI, Simpsons Diversity Index and Species Richness
Burbo<-subset(Dataset,Windfarm=="Burbo_Bank")

Subset full dataset to only include data from Burbo Bank

attach(Burbo)

when carrying out tasks, R will use data from the ‘Burbo’ subset —
wilcox.test(Average_of MEAN_folk_phi[sample_type=="windfarm"]~phase[sample_type=="wind-
farm"])

wilcox.test(Average_of MEAN_folk_phi[sample_type=="nearfield_windfarm"]~phase[sam-
ple_type=="nearfield_windfarm"])

wilcox.test(Average_of MEAN_folk_phi[sample_type=="windfarm_reference"]~phase[sam-
ple_type=="windfarm_reference"])

wilcox.test(Average_of MEAN_folk_phi[sample_type=="cable"]~phase[sample_type=="cable"])
par(mar=c(15,5,3,3))

change graphical parameters

colors=c(rep("green”,1),rep("blue™,1))

change box colour within boxplot

burbodata<-Burbo

rename Burbo subset as ‘burbodata’

burbodata$phase<-factor(burbodata$phase,c("Pre","post™))

create a factor used in creating graphs

boxplot(burbodata$Average of MEAN_folk phi[Windfarm=="Burbo_Bank"]~burbo-
data$phase[Windfarm=="Burbo_Bank"]*sample_type[Wind-
farm=="Burbo_Bank"],las=2,xlab="",ylab= "EQR",names=c("Pre-Construction Cable","Post-Con-
struction Cable","Pre-construction Nearfeild Windfarm","Post-Construction Nearfeild Wind-
farm™,"Pre-Construction Windfarm","Post-Construction Windfarm", "Pre-Construction Refer-
ence","Post-Construction Reference™),col=colors)

create Boxplot
legend(0.5,11,legend=c("Pre-Construction","Post-Construction"),fill=c("Green","blue"),box.lty=0)
Add Legend

detach(Burbo)

remove Burbo subset from R task

Repeat script for other windfarms

|

Carry out Wilcoxon
signed rank test for
pre and post construc-
tion values within the
sample types de-
scribed
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Box 3:Nested pairwise testing of EQR for pre and post construction within each

site type in each windfarm. Below is an example of the nested EQR loop using
Walney as the selected windfarm, the same code was used for other windfarms

with the names changed, red text describes each line of codes function
Walney<-subset(Dataset, Windfarm=="Walney")

Subset full dataset to only include data from Walney

attach(Walney)

when carrying out tasks, R will use data from the ‘Walney’ subset |
wilcox.test(Average_of 1QI[sample_type=="windfarm"]~phase[sample_type=="wind-
farm"])

wilcox.test(Average_of IQI[sample_type=="nearfield_windfarm"]~phase[sam-
ple_type=="nearfield_windfarm"])

wilcox.test(Average_of IQI[sample_type=="windfarm_reference"]~phase[sam-
ple_type=="windfarm_reference"])

wilcox.test(Average_of 1QI[sample_type=="cable"]~phase[sample_type=="cable"])
par(mar=c(15,5,3,3))

change graphical parameters —_— |
colors=c(rep("green™,1),rep("blue”,1))

change box colour within boxplot

Walneydata<-Walney

rename Walney subset as ‘Walneydata’

Walneydata $phase<-factor(Walneydata $phase,c("Pre","post™))

create a factor used in creating graphs

boxplot(Walneydata$Average_of IQI[Windfarm=="Walney"]~ Walney-
data$phase[Windfarm=="Walney"]*sample_type[Windfarm=="Wal-
ney"],las=2,xlab="",ylab= "EQR",names=c("Pre-Construction Cable","Post-Construc-
tion Cable","Pre-construction Nearfeild Windfarm","Post-Construction Nearfeild
Windfarm","Pre-Construction Windfarm","Post-Construction Windfarm", "Pre-Con-
struction Reference","Post-Construction Reference"),col=colors,main="Walney")

create Boxplot

legend(0.5,11,legend=c("Pre-Construction™,"Post-Construc-
tion™),fill=c("Green","blue"),box.Ity=0)

Add Legend
abline(h=0.75,col="blue")
abline(h=0.64,col="green")

e

Carry out Wilcoxon signed
rank test for pre and post

construction values within
the sample types described

Create coloured horizontal

abline(h=0.44,col="orange")

abline(h=0.24.col="red") I
detach(Walney)

remove Walney subset from R task
Repeat script for other windfarms
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Appendix 2

Species list including AMBI Values

Burbo Bank

Cnidaria

Actiniaria
Anthoathecata
Campanulariidae
Edwardsia claparedii
Hydractinia echinata
Phialella quadrata
Tubularia indivisa
Nemertea
Platyhelminthes
Annelida

Ampharete lindstroemi
Aonides paucibranchiata
Aricidea (Acmira) cerrutii
Eteone

Eumida

Eumida bahusiensis
Eunereis longissima
Glycera

Glycera tridactyla
Lagis koreni

Lanice conchilega
Magelona filiformis
Magelona johnstoni
Magelona mirabilis
Malmgrenia arenicolae
Mediomastus fragilis
Nephtys

Nephtys assimilis
Nephtys cirrosa
Nephtys hombergii
Oligochaeta

Ophelia borealis
Ophelina acuminata
Owenia fusiformis
Pholoe baltica
Phyllodoce groenlandica
Phyllodoce mucosa
Phyllodoce rosea

AMBI
Value

Arthropoda
| Ampelisca brevicornis
Bathyporeia elegans
| Bathyporeia guilliamsoniana
1l Callianassa
| Corystes cassivelaunus
| Crangon allmanni
| Crangon crangon
1] Diastylis bradyi
1 Diastylis laevis
Diastylis rathkei
| Gastrosaccus spinifer
1] Iphinoe trispinosa
Liocarcinus
1l Liocarcinus holsatus
1 Nototropis falcatus
1 Nototropis swammerdamei
1] Pariambus typicus
1 Perioculodes longimanus
I Pinnotheres pisum
v Pontocrates altamarinus
1 Portumnus latipes
| Portunidae
| Schistomysis kervillei
| Synchelidium maculatum
Thia scutellata
11l Mollusca
1 Abra alba
1 Abra prismatica
I Acteon tornatilis
1 Asbjornsenia pygmaea
\ Chamelea gallina
| Cochlodesma praetenue
i Donax vittatus
| Dosinia
Ensis
Ensis ensis
Ensis magnus
Euspira nitida
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Pista cristata
Podarkeopsis capensis
Poecilochaetus serpens
Polycirrus medusa
Pseudopolydora pulchra
Scalibregma inflatum
Scolelepis bonnieri
Scoloplos

Spio decorata
Spiophanes bombyx
Sthenelais limicola

Fabulina fabula
Goodallia triangularis
Kurtiella bidentata
Mactra stultorum
Mya

Mytilidae

Nucula

Nucula hanleyi
Nucula nitidosa
Pharus legumen
Phaxas pellucidus
Philine aperta
Solenidae

Spisula

Spisula solida
Spisula subtruncata
Tellimya ferruginosa
Thracia phaseolina
Varicorbula gibba
Echinodermata
Acrocnida brachiata
Amphiura

Amphiura filiformis
Echinocardium cordatum
Echinocyamus pusillus
Ophiura

Ophiura ophiura
Ophiurida
Ophiuridae

Bryozoa
Alcyonidium
Conopeum reticulum
Triticella flava
Entoprocta
Pedicellina
Phoronida

Phoronis

Chordata

Polycarpa fibrosa
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Gunfleet

Cnidaria

Actiniaria
Anthoathecata
Cerianthus lloydii
Edwardsia claparedii
Eudendrium

Obelia geniculata
Phialella quadrata
Sertularia cupressina
Nematoda

Nemertea

Sipuncula

Golfingia (Golfingia) elongata

Annelida

Ampharete acutifrons
Ampharete lindstroemi
Amphicteis midas
Aonides oxycephala
Aphelochaeta
Aphelochaeta marioni
Aphrodita aculeata
Asclerocheilus intermedius
Caulleriella alata
Chaetozone zetlandica
Dipolydora coeca
Eteone

Euclymene oerstedii
Eulalia ornata

Eumida bahusiensis
Eunereis longissima
Glycera alba

Glycera tridactyla
Goniada maculata
Harmothoe antilopes
Harmothoe clavigera
Hilbigneris gracilis
Lagis koreni
Lepidonotus squamatus
Lumbrineris cingulata
Magelona johnstoni
Magelona mirabilis
Malmgrenia arenicolae
Marphysa sanguinea

AMBI Value
|
|

Arthropoda

Ampelisca spinipes
Balanus crenatus
Bathyporeia elegans
Bathyporeia pelagica
Corophium volutator
Corystes cassivelaunus
Diastylis bradyi
Diastylis rathkei
Dyopedos monacanthus
Haploops tubicola
Harpinia pectinata
Perioculodes longimanus
Photis longicaudata
Pontocrates altamarinus
Urothoe poseidonis
Mollusca

Abra

Abra alba

Abra tenuis

Barnea candida
Barnea parva
Buccinum undatum
Donax vittatus
Fabulina fabula
Kurtiella bidentata
Limecola balthica
Musculus discors
Nucula

Nucula nitidosa

Nucula nucleus
Tellimya ferruginosa
Varicorbula gibba
Phoronida

Phoronis

Bryozoa
Alcyonidioides mytili
Alcyonidium diaphanum
Anguinella palmata
Aspidelectra melolontha
Conopeum reticulum
Electra monostachys
Electra pilosa
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Mediomastus fragilis
Mysta picta

Nephtys

Nephtys assimilis
Nephtys caeca
Nephtys cirrosa
Nephtys hombergii
Nephtys kersivalensis
Notomastus latericeus
Ophelia borealis
Orbinia sertulata
Pherusa plumosa
Pholoe inornata
Podarkeopsis capensis
Polycirrus

Sabellaria spinulosa
Scalibregma celticum
Scolelepis bonnieri
Scoloplos

Spio armata
Spiophanes bombyx
Spirobranchus lamarcki
Spirobranchus triqueter
Sthenelais boa

Escharella immersa
Schizomavella
Vesicularia spinosa
Entoprocta
Amphipholis squamata
Echinocardium cordatum
Echinodermata
Echinoidea

Ophiura albida
Ophiura ophiura
Ophiuridae
Pedicellina

Chordata

Molgula
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Walney

Cnidaria

Actiniaria
Anthoathecata
Anthozoa
Campanulariidae
Cerianthus lloydii
Clytia hemisphaerica
Edwardsia claparedii
Phialella quadrata
Tubularia indivisa
Virgularia mirabilis
Nematoda
Platyhelminthes
Nemertea
Cerebratulus

Sipuncula

Golfingia (Golfingia) elon-
gata

Golfingia (Golfingia) vul-
garis vulgaris

Sipuncula
Thysanocardia procera

AMBI Value

Annelida

Abyssoninoe hibernica
Ampharete

Ampharete baltica
Ampharete falcata
Ampharete finmarchica
Ampharete lindstroemi
Ampharetidae

Amphictene auricoma
Ancistrosyllis groenlandica
Aphelochaeta marioni
Aricidea (Aricidea) minuta
Atherospio

Chaetozone christiei
Chaetozone setosa
Chaetozone zetlandica

Diplocirrus glaucus

Eclysippe vanelli
Eumida bahusiensis
Eunereis longissima
Flabelligeridae
Galathowenia oculata
Gattyana cirrhosa
Glycera

Glycera alba
Glycera fallax
Glycera tridactyla
Glycera unicornis
Glyphohesione klatti
Goniada maculata
Harmothoe

Hilbigneris gracilis

Kirkegaardia dorsobranchialis

Lagis koreni

Lanice conchilega
Levinsenia gracilis
Lumbrineris cingulata
Lumbrineris latreilli
Magelona alleni
Magelona filiformis
Magelona johnstoni
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Arthropoda
Abludomelita obtusata
Ampelisca brevicornis
Ampelisca tenuicornis
Bathyporeia elegans
Bathyporeia tenuipes
Bodotria scorpioides
Callianassa
Callianassa subterranea
Corystes cassivelaunus
Crangon crangon
Decapoda

Diastylis bradyi
Diastylis laevis
Diastylis rathkei
Eudorella truncatula

Goneplax rhomboides

Harpinia antennaria
Harpinia crenulata
Harpinia pectinata

lone thoracica

Jaxea nocturna

Melita

Monopseudocuma gilsoni
Nototropis falcatus
Nymphon brevirostre
Paguridae

Pariambus typicus
Perioculodes longimanus
Photis reinhardi
Pontocrates arenarius
Portunidae

Processa nouveli holthuisi

Pseudocuma (Pseudocuma) lon-

gicorne

Upogebia deltaura
Mollusca

Abra

Abra alba

Abra nitida

Acanthocardia echinata

Chamelea gallina

AMBI Value



Magelona mirabilis
Malmgrenia andreapolis
Malmgrenia arenicolae
Mediomastus fragilis
Myrianida

Nephtys

Nephtys assimilis
Nephtys caeca

Nephtys cirrosa
Nephtys hombergii
Nephtys incisa

Nephtys kersivalensis
Notomastus latericeus
Ophelia limacina
Ophelina acuminata
Owenia fusiformis
Oxydromus
Oxydromus flexuosus
Pectinaria belgica
Pholoe baltica

Pholoe inornata
Phyllodoce

Phyllodoce maculata
Podarkeopsis capensis
Poecilochaetus serpens
Polycirrus

Polynoidae

Prionospio

Prionospio cirrifera
Prionospio fallax
Prionospio multibranchi-
ata

Pseudopolydora pulchra
Pygospio elegans
Scalibregma inflatum
Scolelepis

Scolelepis (Scolelepis)
foliosa

Scolelepis bonnieri

Scolelepis korsuni
Scoletoma fragilis
Scoloplos

Sigalion mathildae
Sphaerodorum gracilis
Spio decorata
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v
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i
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Chamelea striatula
Cylichna cylindracea
Dosinia

Dosinia exoleta
Dosinia lupinus
Euspira nitida
Fabulina fabula
Hyala vitrea
Kurtiella bidentata
Mactra stultorum
Mysia undata
Nucula nitidosa
Phaxas pellucidus
Philine aperta
Philine quadripartita
Saxicavella jeffreysi
Spisula subtruncata
Tellimya ferruginosa
Thracia

Thracia phaseolina
Thracia villosiuscula
Thyasira flexuosa
Varicorbula gibba
Echinodermata
Acrocnida brachiata
Amphiura

Amphiura chiajei
Amphiura filiformis
Astropecten irregularis
Echinocardium

Echinocardium cordatum
Leptosynapta inhaerens
Oestergrenia digitata
Ophiura

Ophiura albida

Ophiura ophiura
Ophiuridae
Paraleptopentacta elon-
gata

Phoronida

Phoronis

Bryozoa

Alcyonidium parasiticum
Conopeum reticulum



Spiophanes bombyx i
Spiophanes kroyeri i
Sthenelais limicola ]
Streblosoma intestinale
Syllidae

Terebellides stroemii
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Electra pilosa
Triticella flava



Greater
Gabbard

Porifera

Cnidaria

Abietinaria
Actiniaria
Alcyonium digitatum

Anthoathecata

Calycella syringa

Campanulariidae

Cerianthus lloydii

Clytia hemisphaerica

Coryne
Eudendrium

Halecium
Hydrallmania falcata

Kirchenpaueria pinnata
Plumularia setacea
Sertularia cupressina

Tubularia
Tubularia indivisa

Zoantharia
Nematoda

Nemertea

Platyhelminthes

Sipuncula

AMBI
Value

Golfingia (Golfingia) elongata

Phascolion (Phascolion) strombus

strombus

Sipuncula

Annelida

Amaeana trilobata
Ampharete lindstroemi
Amphicteis midas

Aonides oxycephala
Aonides paucibranchi-
ata

Aphelochaeta
Aricidea (Aricidea)
minuta

Annelida (Continued)

Lagis koreni

Lanice conchilega
Laonice bahusiensis
Leiochone johnstoni

Lepidonotus squama-
tus

Lumbrineris cingulata

Lumbrineris latreilli

Lysidice unicornis

Lysilla loveni
Magelona alleni
Malmgrenia

Malmgrenia arenico-
lae

Marphysa sanguinea

Mediomastus fragilis
Myrianida
Nephtys

Nephtys caeca
Nephtys cirrosa

Nephtys hombergii
Nephtys kersivalensis

Nephtys longosetosa

Nereimyra punctata
Nereis zonata
Nicolea venustula

Notomastus

Notomastus latericeus
Odontosyllis fulgu-
rans

Ophelia borealis
Orbinia sertulata
Owenia fusiformis
Paradoneis lyra

Parexogone hebes

Paucibranchia bellii

Petaloproctus

AMBI Value
Arthropoda
Abludomelita ob-
v tusata

1l Achelia echinata
Ampelisca spini-
11 pes
Amphilochus
manudens
Anapagurus hynd-
1l manni

1 Anapagurus laevis
Anoplodactylus
1 petiolatus

Anthura gracilis
Apolochus nea-
1 politanus

| Apseudes talpa
Atelecyclus rotun-
datus

Axius stirhynchus
1l Balanus

11 Balanus crenatus
Bathyporeia ele-
gans
Bodotria scorpi-

1 oides
Callianassa sub-

I} terranea

1 Callianassidae

1 Callipallene
Caprella septen-
1 trionalis
Cheirocratus in-
1 termedius

11 Diastylis rathkei
Dyopedos mona-
11 canthus
Dyopedos porrec-
1 tus

11 Ebalia

11 Ebalia tuberosa

1 Ebalia tumefacta

| Ericthonius
Ericthonius punc-
| tatus
Galathea interme-
| dia
Gammaropsis
11 maculata
Gastrosaccus
spinifer

Gyge branchialis

1l Harpinia pectinata
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Mollusca

Abra alba

Abra prismatica
Anomiidae
Asbjornsenia pygmaea

Barnea candida

Barnea parva

Buccinum undatum

Calliostoma zizyphinum

Crepidula fornicata

Diplodonta rotundata
Epitonium clathratulum

Euspira nitida
Goodallia triangularis

Heteranomia squamula
Hiatella arctica
Knoutsodonta depressa

Kurtiella bidentata
Leptochiton asellus

Limacia clavigera
Modiolus

Moerella donacina

Musculus subpictus
Mysia undata
Mytilidae

Mytilus edulis

Nucula

Nucula hanleyi

Nucula nucleus
Nudibranchia
Onchidoris

Polititapes rhomboides

Sphenia binghami

Spisula elliptica

Spisula solida

AMBI Value



Asclerocheilus interme-

dius

Atherospio

Bathyvermilia langer-

hansi

Caulleriella alata

Chaetozone zetlandica

Clymenura
Dipolydora caulleryi
Dipolydora coeca
Dipolydora socialis
Drilonereis filum
Enipo kinbergi
Eteone

Euclymene oerstedii
Eulalia aurea

Eulalia mustela

Eumida

Eumida bahusiensis
Eumida sanguinea
Eunereis longissima
Exogone verugera

Filograna implexa

Flabelligera affinis

Galathowenia oculata

Gattyana cirrhosa

Glycera alba
Glycera lapidum

Glycera oxycephala
Glycinde nordmanni

Goniada maculata

Harmothoe

Harmothoe extenuata

Harmothoe glabra
Harmothoe impar
Hesionura elongata
Hilbigneris gracilis

Janua heterostropha

Jasmineira elegans

Petaloproctus bore-
alis

Pholoe baltica
Pholoe inornata
Phyllodoce
Phyllodoce longipes

Phyllodoce maculata

Pisione remota
Podarkeopsis capen-
sis

Poecilochaetus ser-
pens

Polycirrus
Polycirrus medusa

Polygordius
Polynoe scolopen-
drina

Polynoidae

Praxillella affinis
Protodorvillea kefer-
steini

Protula tubularia

Psamathe fusca
Pseudopolydora pul-
chra
Pseudopotamilla reni-
formis

Sabellaria spinulosa
Sabellidae

Scalibregma celticum

Scalibregma inflatum
Schistomeringos ru-
dolphi

Scoloplos

Serpulidae
Sphaerosyllis bulbosa

Sphaerosyllis taylori
Spio armata
Spio decorata

Spiophanes bombyx

Spirobranchus
Spirobranchus la-
marcki
Spirobranchus tri-
queter

Sthenelais boa
Syllidae
Syllidia armata
Syllis

Syllis armillaris

Hyas

Hyas coarctatus

lone thoracica
Iphimedia minuta
Iphimedia spatula

Janira maculosa
Leptocheirus hir-
sutimanus

Leucothoe procera

Liocarcinus
Liocarcinus pusil-
lus

Maerella tenui-
mana
Megamphopus
cornutus

Metopa alderi
Metopa borealis

Metopa pusilla
Monocorophium
sextonae

Mysida
Nototropis falca-
tus

Nototropis
swammerdamei
Nymphon brevi-
rostre
Othomaera
othonis

Paguridae

Pagurus
Pagurus bernhar-
dus

Pagurus cuanensis
Pandalidae

Pandalus borealis
Pandalus monta-
gui

Photis longi-
caudata

Phtisica marina
Pilumnus hirtellus

Pisidia longicornis
Pseudoprotella
phasma

Stenothoe marina
Tanaopsis graci-
loides

Unciola crenati-
palma

Upogebia deltaura
Urothoe brevicor-
nis

Urothoe elegans

Urothoe marina
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Steromphala tumida

Thracia

Timoclea ovata
Tritia incrassata
Tritonia hombergii

Echinodermata
Amphipholis squamata
Echinidea
Echinocardium
Echinocardium cordatum
Echinocyamus pusillus
Leptosynapta inhaerens

Ophiothrix fragilis
Ophiura
Ophiura albida

Ophiuridae

Psammechinus miliaris
Phoronida

Phoronis

Bryozoa

Alcyonidioides mytili
Alcyonidium
Alcyonidium diaphanum

Alcyonidium parasiticum

Amathia
Aspidelectra melolontha

Bicellariella ciliata
Callopora dumerilii

Cauloramphus spiniferum
Cellepora pumicosa
Chorizopora brongniartii
Conopeum reticulum
Crisia

Disporella hispida
Electra monostachys

Electra pilosa

Escharella immersa

Escharella variolosa
Escharella ventricosa

Hagiosynodos latus



Syllis cornuta

Syllis variegata
Terebellidae
Terebellides stroemii
Thelepus

Thelepus cincinnatus

Thelepus setosus

Verruca stroemia
Brachiopoda

Gwynia capsula
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Hincksina flustroides
Hippothoa divaricata
Hippothoa flagellum
Microporella ciliata
Oncousoecia dilatans
Plagioecia patina
Porella concinna
Reptadeonella violacea
Schizomavella

Schizoporella

Scrupocellaria scruposa

Triticella flava

Tubulipora

Turbicellepora avicularis

Vesicularia spinosa
Entoprocta

Pedicellina





